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Lake Taupo, a lake in New Zealand valued for its clear blue waters, is 
increasingly under the threat of degraded water clarity. Understanding the fate of nitrate 
entering the lake from surrounding pastoral lands is critical to maintaining the water 
quality.  
Electron donor contributions to denitrification in the Oruanui ignimbrite were 
estimated using an in situ mesocosm, water quality data, and the geochemical modeling 
software PHREEQC. The geochemical results were modeled using denitrification 
reactions for electron donors and compared to measured water quality data. A successful 
model was defined as the best match of measured and modeled values of major water 
quality parameters, especially those involved in denitrification reactions. The evolved 
water quality was best modeled by a combination of OC and Fe(II) as both amorphous 
volcanic glass and a hypothetical pyroxene. OC and total Fe(II) contributed an average of 
29.4% and 70.2% to denitrification, respectively. Amorphous Fe(II) made up an average 
of 60% of total Fe(II) and pyroxene Fe(II) made up about 40%. Ion exchange was 
incorporated into the model to explain cation behavior, but it failed to elucidate losses of 
potassium (K+) and increases in sodium (Na+). Na+ was best modeled by incorporating it 
into the hypothetical pyroxene Na0.11Fe
+2Fe+30.63Si2O6. The behavior of K
+ could not be 
fully explained by dilution and ion exchange, and it was possibly taken up in the 





The apparent rate of denitrification by Fe(II) at the Spydia site was the fastest 
estimated rate compared to those reported in literature. Fe(II) acted as a major electron 
donor at the Spydia site, and should be considered in future research in the Oruanui 





INTRODUCTION AND HYPOTHESIS 
Lake Taupo is located on the North Island of New Zealand; it is highly valued for 
its deep clear waters and natural beauty. In recent years, however, increasing algal and 
phytoplankton growth in the lake has diminished its water clarity (Waikato Regional 
Council, 2007). While most lakes are phosphorus (P) limited, Lake Taupo is considered 
to be nitrogen (N) limited (White and Payne, 1977; White, 1991), which means N is the 
nutrient restricting plant growth. This is because P concentrations are relatively high due 
to leaching from volcanic deposits (Timperley, 1983).  
Recent intensification of pastoral farming and dairying with an accompanying 
land use change from forest and shrub to pasture and cropped land are thought to have led 
to the increasing N load into Lake Taupo (Vant and Huser, 2000). With the age of 
groundwater in the northern catchment ranging from 20-75 years old (Hadfield et al., 
2001), a large fraction of the water currently entering the lake is older, uncontaminated 
groundwater. With time, N concentrations will increase due to older water being replaced 
by newer groundwater that has been affected by land use changes (Vant and Smith, 
2004). Additionally, numerical modeling has shown that there is a time lag (>100 years) 
between land use change and maximum N load (Hadfield et al., 2006) which means N 




Removing N before it enters the lake is critical to protect the lake’s water quality. 
While various solutions to this problem have been presented, an important factor is the 
capability of the deposits around Lake Taupo to naturally denitrify groundwater during 
transport to the lake. 
Denitrification is a naturally occurring anaerobic process where microbes use an 
electron donor to reduce nitrate (NO3
-) to nitrogen gas (N2). The three main electron 
donors for denitrification are: organic carbon, ferrous iron, and reduced sulfur minerals, 
such as pyrite (Rivett et al., 2008). According to Korom (1992) the critical limiting factor 
for groundwater denitrification is the presence of suitable electron donors. Previous 
denitrification studies in New Zealand have focused on organic carbon as the electron 
donor for denitrification (Schipper et al., 1993; Luo et al., 1999; Barkle et al., 2007; 
Clague et al., 2013; Peterson et al., 2013); however, inorganic electron donors may also 
contribute. 
This thesis hypothesizes that denitrification and its resulting hydrogeochemistry 
within the groundwater of the unwelded Oruanui ignimbrite at the Spydia site near Lake 
Taupo will be explained better by a combination of organic carbon (OC) and ferrous iron 
as electron donors, rather than OC alone. Geochemical modeling using water quality data 








The geology of the northern catchment around Lake Taupo consists of the 
overlying post-Taupo alluvium (<1.8 kya), Taupo ignimbrite (1.8 kya), Oruanui 
ignimbrite (26.5 kya), and the Whakamaru group ignimbrites (320-340 kya). The Taupo 
ignimbrite (TI) is a non-welded pyroclastic flow deposit with high primary permeability 
while the Oruanui ignimbrite (OI) is also non-welded but finer grained and less 
permeable than the TI. Unlike the TI and OI, the Whakamaru-group ignimbrites are 
welded with low intrinsic permeability (Hadfield et al., 2001). Figure 1 shows the 
prevalence of Taupo, Oruanui, and Whakamaru-group ignimbrites around the northern 
catchment of Lake Taupo. 
This experiment was conducted near the Spydia field site located at 505 Waihora 
Road on the north side of Lake Taupo (175° 47’ 59.17” E 38°36’51.23” S) within the 
Tutaeuaua subcatchment. The Spydia site was established on a sheep and beef station as 
an experimental facility and vadose zone monitoring site (Barkle et al., 2011). Figure 2 
shows the relative location of the Spydia site to Lake Taupo. The modern soil is underlain 
by Taupo ignimbrite (TI), woody debris containing paleosols, and pumiceous unwelded 





Figure 1. Map of the geology of the northern catchment of Lake Taupo (adapted from 
Hadfield et al., 2001). 
 
 
Figure 2. Location of the Spydia site in relation to Lake Taupo, New Zealand (adapted 




The Oruanui ignimbrite is mostly rhyolitic with a high SiO2 content and is made 
up of poorly sorted volcanic glass, pumice, crystal fragments, and products from the 
weathering of volcanic glass (Cole et al., 1998; Smith et al., 2005). Common weathering 
products of glass found in New Zealand soils include halloysite, allophane and micaceous 
clay minerals (Birrell and Pullar, 1972). 
The Spydia field site is a highly studied area containing water-table and multilevel 
wells. According to John Hadfield (personal communication to S.F. Korom, January 
2015), the ISM was installed close to piezometer WR25 in the Waihora Well Field. An in 
situ mesocosm (ISM) was installed 4.43 to 5.93 meters below ground level in the 
saturated OI to measure denitrification in an isolated environment. Figure 3 shows the 
depth of the ISM in relation to the nearest piezometer at the site. The profile contains 
Taupo and Oruanui ignimbrites with a paleosol between them (Figure 3); this sequence 
varies over short distances.  
 
Figure 3. Location of the nearest piezometer (WR25) showing depth of Taupo and 





Bacteria require an electron donor as a source of energy for growth and 
maintenance. The three major electron donors for denitrification are organic carbon, 
reduced sulfur from minerals such as pyrite, and ferrous iron (Rivett et al., 2008). 
Organic Carbon 
Organic Carbon (OC) is a well-documented electron donor for denitrification 
(Korom, 1992; Starr and Gillham, 1993). OC was studied as an electron donor for 
denitrification in the volcanic profiles on New Zealand’s North Island and found to be the 
main contributor; autotrophic electron donors apparently contributed little to 
denitrification (Clague et al., 2013). Also, Barkle et al. (2007) found that higher N2 fluxes 
have a correlation with higher DOC concentrations. However, Morgenstern (2008) 
reported that northern OI contains little organic matter. Possible sources of OC in the OI 
could be mobile dissolved organic carbon (DOC) recharging from the soil zone, buried 
woody debris destroyed by the Taupo eruption, and relict soil organic matter contained in 
paleosols (Stenger, 2011). 
OC molecules can be large, complex, and highly variable. Equation 1 describes 
denitrification by OC represented by CH2O:  
5CH2O + 4NO3
- +4H+ →2N2 + 5CO2 + 7H2O                                            (1) 
Equation 1 shows that inorganic carbon (IC) concentrations increase when 
denitrification occurs using OC as an electron donor. For every mole of NO3
- denitrified, 





Reduced sulfur can also be used as an electron donor for denitrification by 
autotrophic microbes. Under typical aquifer conditions, reduced sulfur is usually utilized 
from pyrite (FeS2) where S(-1) is oxidized to S(6) (Appelo and Postma, 2005; Rivett et 
al., 2008). Equation 2 describes the reaction for denitrification by pyrite: 
5FeS2 + 14 NO3
- + 4H+ → 7N2 + 5Fe
2+ +10SO4
2- + 2H2O    (2) 
Denitrification by pyrite results in increased sulfate (SO4
-2) which is easily 
measured with ion chromatography. In a reduced aquifer, SO4
-2 may be lost due to 
reduction to H2S; however, this is less energetically favorable and would only occur after 
NO3
- is exhausted (Appelo and Postma, 2005). Denitrification by pyrite can be important 
in deeper aquifers with older sediments because labile OC has been exhausted as an 
electron donor source (Tesoriero and Puckett, 2011).  
Ferrous Iron 
Anaerobic oxidation of ferrous iron, Fe(II), has been shown to occur by 
chemotrophic microbes when NO3
- is the electron acceptor (Straub et al., 1996). 
However, Fe(II) is usually not considered in denitrification studies because the 
geochemical evidence is difficult to decipher and its contributions are often obscured by 
OC (Tesfay, 2006). Despite this, Thayalakumaran et al. (2008) showed an inverse 
relationship between NO3
-and Fe(II) concentrations, and Tesfay (2006) showed that 
Fe(II) can have a significant role as an electron donor during denitrification.  
Fe(II) occurs as both an ion (Fe+2) and within solid materials, such as detrital 
silicates like amphiboles and pyroxenes (Postma, 1990). Sources of Fe(II) within the 




spinel, magnetite, and hornblende (Smith et al., 2005). Equation 3 shows denitrification 
by Fe+2: 
2𝑁𝑂3
− + 10𝐹𝑒+2 + 12𝐻+ ↔ 10𝐹𝑒+3 + 𝑁2 + 6𝐻2𝑂                              (3) 
With Fe(II), it is difficult to predict electron donor contributions to denitrification 
by merely examining aqueous geochemical parameters. Unlike denitrification by OC and 
pyrite, Fe(II) does not have any direct measurable aqueous byproducts because Fe+3 is 
insoluble at pH > 2.0 and precipitates into various products such as goethite and 
amorphous ferric oxyhydroxides as Equation 4 shows: 
𝐹𝑒+3 + 3𝐻2𝑂 ↔ 𝐹𝑒(𝑂𝐻)3 + 3𝐻
+                                                   (4) 
The resulting denitrification equation incorporating precipitation of Fe(OH)3 
results in a drop in pH due to increased H+ generation as Equation 5 shows: 
2𝑁𝑂3
− + 10𝐹𝑒+2 + 24𝐻2𝑂 ↔ 10𝐹𝑒(𝑂𝐻)3 + 𝑁2 + 18𝐻






There are several methods to measure denitrification rates, including controlled 
laboratory studies (Clague et al., 2013), in situ measuring of groundwater natural flow 
paths (Vidon and Hill, 2004), and semi-isolated chambers called in situ microcosms that 
are embedded within the aquifer material (Bates and Spalding, 1998). However, these 
methods have several limitations. In response to this, Korom et al. (2005) developed in 
situ mesocosms (ISMs). An in situ mesocosm (ISM) is a large chamber that is open at the 
bottom that can encapsulate an aquifer volume of about 186 L. ISMs provide a semi-
isolated environment unlike monitoring natural flow paths, which may influence some 
measured parameters. Due to their volume, ISMs offer a more representative aquifer 
sample than laboratory measurements. ISMs also allow for larger and more frequent 
water samples to be collected over longer study times than in situ microcosms. Larger 
sample sizes also allow for the measurement of other analytes such as those associated 
with denitrification reactions. Using groundwater measurements from ISMs can provide 
insight into the geochemical evolution of the groundwater, and electron donor 
contributions to denitrification can be modeled (Korom et al., 2012). 
Methods of constructing and installing ISMs are described in Korom et al. (2005). 
After the ISM was installed, it was purged so that native groundwater could seep back 
into the chamber. This groundwater was then pumped out and into a reservoir on the 




potassium bromide (KBr) following the steps described in Korom et al. (2005) to 
minimize atmospheric contamination. The amended water was stirred to mix the added 
chemicals and siphoned back into the ISM. Water samples were taken after installation of 
the ISM, and the water was considered fully amended after a few days. This time allowed 
the amended water and sediments to equilibrate with each other. 
For this experiment, KNO3 was used as the source of the NO3
- contaminant and 
KBr was used as a chemical tracer. The tracer was used to account for native 
groundwater entering the ISM and diluting the amended water. Bromide (Br-) is a good 
tracer species because concentrations in the native aquifer are below the detection limit 
(< 0.05 mg/L) and it has no associated oxidation or reduction reactions with NO3
-. For the 
experiment, all Br- and NO3
- concentrations were assumed to be a result of amendment. 
Thus, loss of NO3
-owing to dilution can be accounted for by the Br- tracer. Any loss of 
NO3
- beyond what can be explained by the tracer was attributed to denitrification. 
Injection of the ISM began on March 18, 2013. 84.93 g of KNO3 and 10.0 g of 
KBr were added to about 100 L of water. On the day of injection, samples were taken 
before and after amendment and the ISM was considered fully amended on March 20, 
2013. 
Calculating Dilution 
With the injection of the amended water back into the ISM, the only species 
expected to significantly change as a result of dilution were Br-, K+, and NO3
-. At each 
sampling event, the water was split into a native fraction and an amended fraction. For 
example, the amended fraction equaled 1.0 and the native fraction equaled 0.0 when the 




fraction was calculated by dividing the Br- concentration at each sampling event by the 





−                    (6) 
The native fraction was calculated by subtracting the amended fraction from 1.0 
as Equation 7 shows:   




−      (7) 
Denitrification Calculations 
The ratio of Br- at the sampling event to the fully amended concentration of Br- 
was used to calculate how much NO3
- was lost by dilution. First, the amount of NO3
- that 
should be present due to dilution was calculated. This was done by multiplying the Br- 
ratio by the fully amended NO3
- concentration (NO3
- at t=0). Any loss of NO3
- beyond 
what can be explained by dilution was attributed to denitrification. Calculating the 
amount of denitrification is described in Equations 8 and 9:  
(𝑁𝑂3





−)𝑡=0     (8) 
(𝑁𝑂3
−)𝑡 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 = [(𝑁𝑂3
− )𝑡 𝑏𝑦 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛] − [(𝑁𝑂3
−)𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑]               (9) 
To determine when denitrification began, the measured NO3
- was plotted against 
the calculated diluted concentration. The time denitrification began was determined by a 
visual inspection of the graph. The first point where measured NO3
--N visually differed 
from NO3





Zero-order and first-order denitrification rates were calculated for the experiment 
using linear regression. The zero-order rate was calculated by plotting NO3
- denitrified 





       (10) 
The first-order denitrification rate was calculated from the first order rate law 
described in Equation 11 to get Equation 12. The natural log of the concentration of NO3
- 
over the calculated dilution concentration of NO3
- was plotted on the x axis, and time was 
plotted on the y axis. Denitrification rate was taken as the negative slope of this graph.  
𝐹𝑖𝑟𝑠𝑡 𝑜𝑟𝑑𝑒𝑟 𝑟𝑎𝑡𝑒 = 𝑘1[𝐴]                 (11) 





)/𝑡𝐷𝐸𝑁                                                 (12) 
R2 values were calculated and compared to determine the order of the 
denitrification reaction within the ISM. R2, also known as the coefficient of 
determination, is a statistical measure of how close the data are to the regression line. It is 
a value between 0.0-1.0; it represents the fraction of the variation explained by the 
regression. The greater the R2 value, the better the model fits the data. 
Water Quality Data 
Water samples were taken from the top of the ISM as described by Korom et al. 
(2005). Sampling of the water from the ISM began on March 18, 2013 and concluded on 
November 25, 2013. Samples were frequently taken during the first month, and about 
once or twice a month afterward for the duration of the experiment. Native samples 
before amendment were taken and compared to post injection samples. Testing of the 




measurements were performed in the field. A list of the water quality parameters 
measured is provided in Appendix A. 
Electron Donor Data 
Subsurface volcanic material samples were taken near the ISM installation site at 
different depths to test for electron donor concentrations. Samples within the Oruanui 
ignimbrite were taken at 5.7-5.8 m below the surface while other samples were within the 
Taupo ignimbrite or a paleosol. They were analyzed in the EARL laboratory at UND in 
Grand Forks, ND. The samples were tested for inorganic sulfide, total carbon (TC), total 
organic carbon (TOC), inorganic carbon (IC), ferrous iron, and total iron (Appendix B). 
TOC was determined using the high temperature combustion method described in 
Churcher and Dickout (1986) with a Shimadzu TOC 5000A Carbon Analyzer. For better 
precision and accuracy in TOC measurements, samples were pretreated to remove IC. 
This ensures that low TOC readings (< 1%) are not subject to high error due to significant 
figures. Samples were ground to a fine powder and then treated with 5% HCl to keep the 
pH below 2.0 for 24 hours. The sample mass before acidification is compared to the mass 
after acidification to convert acid treated sample weights to a before treatment equivalent 
sample weights. Inorganic sulfide was measured by the chromium reduction method 
described in Canfield et al. (1986). These samples were dried and ground to a fine 
powder to homogenize the samples. Total Iron was measured using flame atomic 
absorption spectrometry, and ferrous iron was measured using a modified method by 
Kennedy et al. (1999). After pretreatment methods described in Klapperich (2008), 




The Spydia samples were taken 25 m away from the site. Previous studies have 
shown that there is variation in the profile over short distances (Stenger, 2011). However, 
without further information, it is assumed that at this distance these samples were 
representative of the material within the ISM. 
Electron Donors 
Organic Carbon 
OC was assumed to be a major electron donor. The first model created assumed 
100% denitrification by OC in the event that other electron donors made insignificant 
contributions. The stoichiometry of Equation 1 was used to predict the amount of IC 
produced if 100% of the denitrification was by OC. Moles of OC to react at each 
sampling date were calculated by using moles of (NO3
-)t denitrified calculated in 
Equation 9 and multiplying it by 5/4, as Equation 13 shows:  




                              (13) 
This model’s results were compared to measured concentrations of IC. In the 
event that the amount of IC modeled by 100% denitrification by OC was greater than the 
measured values, and there was no evidence of carbonate minerals precipitating, there 
must be another electron donor contributing to denitrification. 
Reduced Sulfur 
Denitrification by reduced sulfur such as pyrite results in an increase in SO4
-2. 
Further consideration of reduced sulfur as an electron donor depends on the measured 
increase of SO4





Equation 5 shows that the only easily measured aqueous geochemical indicator 
that denitrification by Fe(II) affects is the pH. The type of Fe(II) reacted may raise or 
lower the pH. For example, denitrification by aqueous Fe+2 results in generation of H+, 
lowering the pH. However, when a Fe(II) silicate such as pyroxene (Fe2Si2O6) is used, it 
results in a consumption of H+ (raising the pH) as Equation 14 shows:  
2𝑁𝑂3
− + 5𝐹𝑒2𝑆𝑖2𝑂6 + 2𝐻
+ + 34𝐻2𝑂 ↔ 𝑁2 + 10𝐹𝑒(𝑂𝐻)3 + 10𝐻4𝑆𝑖𝑂4           (14) 
This was an important factor to consider when modeling in PHREEQC. Initially, 
modeling of Fe(II) in PHREEQC was performed with a Fe(II) silicate because the 
program only considers pure mineral or aqueous phases. 
Combined Model 
If 100% denitrification by OC cannot explain the evolving geochemistry in the 
ISM and inorganic sulfide is eliminated as an electron donor, a combined model of OC 
and Fe(II) must be used. Fe(II) contributions to denitrification were estimated by first 
determining the percentage of denitrification by OC and attributing the difference to 
Fe(II). 
A combined model of denitrification by OC and Fe(II) was achieved by 
calculating % by OC based on inorganic carbon (IC) concentrations. Percent 
denitrification by OC was estimated by comparing the measured IC concentrations to the 
IC concentrations in the 100%-by-OC model. This calculation was performed at each 





The amount of denitrification by OC was calculated by determining how much 
NO3
- must be denitrified to produce the IC generated. This calculation was performed for 
both the measured and 100%-by-OC modeled concentrations by using the concentration 
of IC at that date, subtracting the native concentration of IC measured in the ISM before 
amendment, and then multiplying it by 4/5. The amount of denitrification needed for the 
measured concentrations of IC was divided by the amount of denitrification needed for 
the 100%-by-OC model to calculate % by OC as Equation 15 shows:  







                                               (15) 
Moles of OC to react for the combined model were calculated by multiplying the 
percentage calculated in Equation 15 by the moles of OC to react calculated in the 100%-
by-OC model calculated in Equation 13. 
𝑂𝐶𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = 𝑂𝐶100%−𝑏𝑦−𝑂𝐶 ∗ % 𝑏𝑦 𝑂𝐶                      (16) 
The remaining electron donor contributions were assumed to be from Fe(II). This 
percentage was calculated at each data point by subtracting the calculated denitrification 
% by OC from 100%. 
% 𝑏𝑦 𝐹𝑒(𝐼𝐼) = 100% − % 𝑏𝑦 𝑂𝐶                                                      (17) 
Fe2Si2O6 served as a general hypothetical Fe(II) silicate to use in modeling. It has 
2 moles of ferrous iron within its chemical formula. This formula changed throughout the 
modeling process to accommodate other geochemical indicators, such as pH. This was 
important to consider when modeling because it affected how many moles of the mineral 
to react. To calculate the moles of Fe(II) mineral to react, the amount denitrified must be 
multiplied by % by Fe(II) calculated in Equation 17, and then multiplied by 5 divided by 




Equation 18 describes how many moles of Fe(II) to react in the combined model 
depending on the Fe(II) mineral composition: 
 𝐹𝑒(𝐼𝐼)𝑚𝑖𝑛𝑒𝑟𝑎𝑙 = % 𝑏𝑦 𝐹𝑒(𝐼𝐼) ∗  (𝑁𝑂3
−)𝑡 𝑑𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑒𝑑 ∗
5
𝑚𝑜𝑙 𝑜𝑓 𝐹𝑒(𝐼𝐼) 
  (18) 
PHREEQC Modeling 
PHREEQC (Parkhurst and Appelo, 1999) is a computer program developed by 
the US Geological Survey that simulates chemical reactions and transport processes in 
natural water. It uses thermodynamic equilibrium principles and geochemical equations 
to calculate saturation indices of minerals, distribution of aqueous species, and exchanger 
compositions. PHREEQC was used to simulate chemical reactions and processes within 
the ISM to model the evolution of the groundwater during denitrification.  
While PHREEQC has an extensive database, it uses a strictly thermodynamic 
approach that does not take into account kinetic and biotic processes (Appelo and 
Postma, 2005). Geochemical equilibrium modeling cannot fully explain every complex 
process within the ISM, including the dissolution and composition of volcanic glass 
within the Oruanui ignimbrite. Despite its limitations, PHREEQC can facilitate an 
understanding of how electron donors contribute towards denitrification. 
Model Setup 
Initially, the water quality results of the ISM for each sampling date were entered 
as separate solutions. Aqueous speciation and saturation indices (SIs) were calculated to 
use as a baseline and compare to the formulated model. Concentrations below detection 
limits were entered as half the detection limit with the exception of Br- and NO3
- which 




The model was set up by entering two solutions: the native solution 318 and the 
fully amended solution 320. The first was the averaged values of measurements taken 
before NO3
- and Br- were added, and the second solution was comprised of the water 
quality results after the ISM was considered fully amended. The Br- tracer was used to 
calculate the mixing ratio for each subsequent predicted solution. Using the keyword 
MIX, the amended fraction and native fraction were calculated using Equations 6 and 7 
and used for the mixing ratio of the amended and native solutions. This showed how the 
water within the ISM should have behaved if only dilution of the amended water 
occurred. Comparing the modeled concentration of NO3
- solely due to dilution to the 
measured concentration suggested that denitrification occurred. 
Using the calculated amount of denitrification from Equation 9, denitrification 
reactions were modeled using the keyword REACTION. Reaction amounts for a 
particular electron donor were calculated using Equations 16 and 18. These reactions 
were checked for accuracy by examining the resulting NO3
- concentration predicted by 
the model. Modeled reactions were considered correct stoichiometrically if modeled NO3
- 
matched the measured concentration. 
The keyword EQUILIBRIUM PHASES is used to define a phase that can react 
reversibly with the aqueous phase. A SI must be input for the phase and the amount of 
moles that can be reacted. This forces the model into equilibrium with the phase so it 
either dissolves or precipitates until the desired SI is reached (Parkhurst and Appelo, 
1999). This was used in the event that the products of denitrification reactions were not 
conservative. This can be especially important for carbonate minerals like calcite and 




In the combined OC and Fe(II) model, a compromise of the form of Fe(II) was 
made. Much of the Fe(II) in the ignimbrite is likely in volcanic glass. However, 
PHREEQC only has crystalline minerals in its database. Minerals such as pyroxene and 
amphibole were used instead of volcanic glass due to PHREEQC’s limitations and their 
presence in Oruanui ignimbrite (Smith et al., 2005). The variations of these types of 
minerals are numerous and complicated and they can involve other chemical species such 
as cations. For simplicity, pyroxene (Fe2Si2O6) was chosen as the initial Fe(II) mineral to 
model. Iron could be present in the ferrous and ferric forms within the pyroxene. In the 
event that the modeled pH was too high, the ratio of ferric iron to ferrous iron was 
increased.  
Ion exchange was not originally considered for this model as it was assumed all 
ion exchange reactions occurred in the days between injection of the ISM and when it 







Electron Donor Results 
The electron donor analysis of the Spydia site was conducted at several depths. 
These included: within the Taupo ignimbrite at shallow depths (2.5-2.6m BGL), in a 
paleosol (2.9-3.0m BGL), and in the underlying Oruanui ignimbrite (5.7-5.8m BGL). 
Inorganic carbon was not detected at any depth sampled before or after pretreatment to 
remove IC, and thus all TOC is assumed to equal TC. TOC was present in the shallower 
depths (0.564% in the TI and 0.535% in the paleosol), but below the detection limit 
(<0.024%) in the OI. This indicated there may be zones within the ISM (4.43-5.93m 
BGL) where OC was not significant. Any denitrification by OC was likely to have 
occurred at shallower depths within the ISM depending on how undisturbed the 
sediments were after installation. The water quality results in Appendix C show that 
dissolved organic carbon (DOC) was present at low concentrations (2.2 mg/L) in the 
native water. However, DOC concentrations decreased over time, possibly due to 
denitrification. 
Inorganic sulfide results of the Spydia samples were non-detect in the OI, 0.07% 
in the paleosol, and non-detect in TI. This indicated there were no significant 





  Iron was present within all samples and total iron increased with depth. Total iron 
was measured at 0.320% in the TI, 0.496% in the paleosol, and 0.973% in the OI. Ferrous 
iron varied with depth, but was greatest in the paleosol (0.445%). Ferrous iron was 
0.252% and 0.306% in the paleosol and OI, respectively. Stenger (2011) also found that 
Fe(II) concentrations increased in the paleosol between the Taupo and Oruanui 
ignimbrite, and that the paleosol was more reduced than the TI and OI. With the presence 
of Fe(II) found at all relevant depths, denitrification by Fe(II) was considered likely. 
However, presence of Fe(II) does not necessarily guarantee denitrification will occur. 
Fe(II) may not be easily available for microbes, or oxidation of Fe(II) could be inhibited 
by complex dissolution kinetics of Fe(II) silicates (Kehew, 2001). The results for the 
electron donor analysis are provided in Appendix B. 
Groundwater Quality Data 
For the model, a native groundwater concentration was calculated by taking the 
average of all measurements taken before amendment. The model was considered fully 
amended two days after amendment to allow for ion exchange to occur, which was 
3/20/13. Table 1 shows the results for native and fully amended concentrations used in 
the model. 
Only the amendment species (Br-, NO3
-, and K+) showed relatively large 
concentration changes. A corresponding increase in conductivity was also measured. 
There was a noticeable difference in TOC concentration from native to amended. The 
first measurement of TOC that made up the averaged native concentration was 2.2 mg/L 




which skewed the average. This may have been a result of disturbance during 
amendment.  
Table 1. Native and amended concentrations used in initial PHREEQC modeling. 
Species Native* Amended Units 
Al+3 0.004 0.004 mg/L 
Br- <0.05 51 mg/L 
Ca+2 6.3 7.8 mg/L 
Cl- 4.2 4.2 mg/L 
Conductivity 11.3 102.7 mS/m @25°C 
DRP 0.044 0.020 mg/L as P 
F- 0.15 0.14 mg/L 
Fe+2 <0.02 <0.02 mg/L 
K+ 4.0 240 mg/L 
Mg+2 2.1 2.3 mg/L 
Mn+2 1.15 1.18 mg/L 
Na+ 9.7 9.7 mg/L 
NH4
+-N 0.011 0.019 mg/L as N 
NO3
--N <0.05 87 mg/L as N 
pH 6.3 6.5  
Si  86 85 mg/L as SiO2 
SO4
-2 14.2 14.2 mg/L 
TIC 13.6 11.3 mg/L 
TOC 7.1 2.8 mg/L 
Total P 0.577 0.075 mg/L as P 
*Native concentration was calculated from the average of all measurements before 
injection of nitrate and tracer. 
 








Using the measured water quality data, SIs were calculated by PHREEQC. The 
supersaturated species and the chemical formulas used by PHREEQC within the native 
water and throughout the course of denitrification are provided in Table 2.  
Table 2. List of native supersaturated species as calculated by PHREEQC. 
Phase Formula SI 
Ca-Montmorillionite Ca0.165Al2.33Si3.67O10(OH)2 4.005  
Chalcedony SiO2 0.828  
Gibbsite Al(OH)3 0.673  
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 2.118  
Kaolinite  Al2Si2O5(OH)4 4.706  
K-feldspar KAlSi3O8 0.737  
K-mica KAl3Si3O10(OH)2 7.638  
Quartz SiO2 1.274  
 
These species remained supersaturated throughout the duration of the study. 
Appendix D contains a list of all the saturation indices calculated by PHREEQC at each 
sampling event. The results indicated that no carbonate or sulfate species precipitated. 
Thus, the water mass balances of electron donor geochemical indicators such as TIC and 
SO4
-2 were presumably not affected.  
PHREEQC’s database does not include volcanic glass or any of its associated 
amorphous weathering products. A common volcanic weathering product is halloysite 
(Al2Si2O5(OH)4), which has the same chemical formula as kaolinite but is not as 
thermodynamically stable (Huang, 1974). Most of the supersaturated species were clay 
silicates; among these was kaolinite. The predicted presence of kaolinite could indicate 





Evidence of Denitrification 
After amendment, the Br- concentration was 51 mg/L, and after 250 days the 
concentration was 11 mg/L. Figure 4 shows apparent dilution of Br- over time.  
 
Figure 4. Loss of Br- tracer due to dilution. 
Using dilution of Br-, the NO3
- concentration attributed solely to dilution was 
calculated using Equation 8 and tabulated in Table 3. Figure 5 shows NO3
- by dilution 
graphed with the measured NO3
- concentration.  
This graph suggests that denitrification occurred. There was more NO3
- lost than 
what was expected by dilution, and this difference was attributed solely to denitrification. 
Measureable denitrification appeared to begin sometime between 4/11/13 and 4/16/13, 
which was about 27 days after the ISM was considered fully amended. For simplicity, 
denitrification was assumed to have started on 4/16/13. After this date, measured NO3
- 
was consistently lower than NO3
- by dilution. The amount of denitrification was 




















3/18/2013 Native 0.000 1.000 0 0  
3/20/2013 0.00 1.000 0.000 87 87.0 0.00 
3/25/2013 5.03 0.941 0.059 84 81.9 -2.12 
3/26/2013 6.05 0.922 0.078 78 80.2 2.18 
3/28/2013 7.97 0.902 0.098 77 78.5 1.47 
3/31/2013 11.07 0.765 0.235 69 66.5 -2.47 
4/2/2013 13.17 0.784 0.216 68 68.2 0.24 
4/5/2013 15.91 0.784 0.216 68 68.2 0.24 
4/6/2013 16.93 0.765 0.235 65 66.5 1.53 
4/11/2013 21.93 0.706 0.294 62 61.4 -0.59 
4/16/2013 26.93 0.706 0.294 58 61.4 3.41 
4/24/2013 34.94 0.686 0.314 54 59.7 5.71 
4/29/2013 39.92 0.686 0.314 50 59.7 9.71 
5/28/2013 68.92 0.588 0.412 36 51.2 15.18 
6/11/2013 82.92 0.490 0.510 31 42.6 11.65 
6/25/2013 96.96 0.510 0.490 26 44.4 18.35 
7/9/2013 110.96 0.471 0.529 23 40.9 17.94 
7/23/2013 124.94 0.451 0.549 19.5 39.2 19.74 
8/6/2013 138.94 0.412 0.588 17.7 35.8 18.12 
8/20/2013 152.92 0.361 0.639 13.1 31.4 18.29 
9/2/2013 166.04 0.263 0.737 10.6 22.9 12.26 
10/3/2013 196.94 0.302 0.698 8.4 26.3 17.87 
10/30/2013 223.97 0.259 0.741 6.8 22.5 15.72 






Figure 5. Measured and calculated diluted NO3
- concentrations in mol/L. 
Denitrification values from Table 3 were plotted versus time to determine if the 
denitrification rate (k) was zero order, or if it was first order using Equation 12. For these 
graphs tDEN=0 was defined as when denitrification first occurred on 4/16/13. The linear 
equation for the denitrification rate is located in the upper right corners of Figures 6 and 7 
where the rate is the slope of the line. The coefficient of variation values were also 
calculated to determine if the points represent a good linear fit. The R2 value for the zero 
order was very low (0.318) which was indicative of a bad linear fit. First order 
denitrification provided a better match with an R2 value of 0.982. Thus, the denitrification 














With evidence that denitrification occurred, a model was formulated using 




first step was to eliminate inorganic sulfide as a potential electron donor by examining 
SO4
-2. According to Equation 2, if denitrification by inorganic sulfide in the form of 
pyrite occurred, SO4
-2 would be generated. Figure 8 shows the measured SO4
-2 over the 
duration of the experiment and what PHREEQC predicted the SO4
-2 would be owing 
solely to dilution. There was no overall increase in SO4
-2 and no apparent precipitation of 
SO4
-2 containing minerals. Therefore inorganic sulfide was eliminated as an electron 
donor. 
 
Figure 8. Measured SO4
-2 concentration versus predicted dilution concentration. 
100%-by-Organic Carbon Model 
With inorganic sulfide eliminated as an electron donor, the next step was to model 
OC as the exclusive electron donor. Denitrification by OC results in an increase of TIC 
according to Equation 1. Figure 9 shows that TIC increased over the course of the 
experiment. A 100%-by-OC model was created in the event that all denitrification was 




model for TIC. The amount of TIC generated from 100%-by-OC is greater than what was 
measured. No apparent carbonate species were supersaturated over the course of 
denitrification, and thus denitrification could not be exclusively explained by OC.  
 
Figure 9. Measured TIC concentration versus predicted dilution concentration. 
 




The contribution of OC as an electron donor was calculated at each sampling 
event using measured and modeled concentrations of TIC. Any denitrification not 
explained by OC was attributed to Fe(II). If measured TIC concentrations were less than 
the native concentration (as recorded for the first three data points), % by OC was 
assumed to be 0%. Table 4 shows that % by OC varied between 0.00% to 70.17% with an 
average of 29.36%. The lag of denitrification by OC at the beginning of denitrification 
could possibly be explained by zones of OC within the ISM not being utilized at that 
time, or possibly that denitrification by Fe(II) was kinetically faster. There are kinetic 
constraints on utilization of OC depending on the lability or reactivity of DOC 
(Thayalakumaran et al., 2008). Also, Cannavo et al. (2004) has shown that the quality of 
DOC and type of C are important to denitrification, and Clauge et al. (2013) hypothesized 
that C in New Zealand volcanic top soil is more accessible to microorganisms than relict 
organic matter at greater depths that may limit denitrification.  
Once denitrification became apparent in the ISM, the DOC concentration dropped 
below detection limit (< 0.5 mg/L) and remained low throughout the time of 
denitrification. DOC concentrations before denitrification were low (about 2.1 mg/L) so 
it was likely that OC contributions to denitrification were in the solid phase rather than 
liquid. The electron donor results indicated the OI had low to non-detect concentrations 
of OC. There could be hotspots of OC within the ISM from a shallower paleosol that was 
mixed during installation. These areas of greater concentration of OC may not have been 






Table 4. Denitrification (%) by OC and by Fe(II) calculated at each sample date. 
Date Day % by OC % by Fe(II) 
4/16/2013  26.93 0.00% 100.00% 
4/24/2013  34.94 0.00% 100.00% 
4/29/2013  39.92 0.00% 100.00% 
5/28/2013  68.92 13.70% 86.30% 
6/11/2013  82.92 47.53% 52.47% 
6/25/2013  96.96 29.65% 70.35% 
7/9/2013  110.96 38.66% 61.34% 
7/23/2013  124.94 22.37% 77.63% 
8/6/2013  138.94 23.84% 76.16% 
8/20/2013  152.92 14.94% 85.06% 
9/2/2013  166.04 56.58% 43.42% 
10/3/2013  196.94 70.17% 29.83% 
10/30/2013  223.97 38.18% 61.82% 
11/25/2013  249.97 55.40% 44.60% 
 AVG= 29.36% 70.64% 
  
Quartz Equilibrium 
Silica concentrations were important to consider because the electron donor Fe(II) 
was assumed to be in the form of a Fe(II) silicate mineral. Equation 14 shows that the 
chemical reaction of dissolving a silicate mineral causes an increase in H4SiO4. However, 
Figure 11 shows that measured silica concentrations decreased past the native 
concentration. This suggested precipitation occurred. The saturation indices in Table 2 
and Appendix D show that quartz and chalcedony are supersaturated. Using the keyword 
EQUILIBRIUM _PHASES in PHREEQC, the model was forced into equilibrium with 
the calculated SI of quartz to simulate loss of silicic acid being produced during Fe(II) 
silicate reactions. Figure 11 shows that this produced an exact match for silica in the 









With % by OC calculated, a combined Fe(II) and OC denitrification model was 
made. When OC and Fe2Si2O6 were reacted for denitrification, the modeled pH increased 
over two units. The modeled pH was far too high compared to the measured pH as Figure 
12 shows. This was unexpected because the conversion of Fe+2 to Fe+3 usually results in 
lowered pH due to the precipitation of Fe(III) solids. However, Equation 14 shows that 
the net denitrification reaction consumes acidity instead of producing it. This resulted in 
an increase in pH. 
Varying ratios of Fe(II) and Fe(III) within the pyroxene were modeled, but this 
did not significantly affect the pH. The type of Fe(II) silicate mineral (pyroxene or 
amphibole) also did not have a significant effect on the pH. The model was adjusted to 




faster than crystalline minerals as a result of its amorphous nature (Shoji and Dahlgren, 
1994), and it was likely this Fe(II) was easier to access than Fe(II) in the mineral phase. 
In place of a mineral to react, volcanic glass was simulated as free ferrous iron (Fe+2) in 
PHREEQC. With the Fe(II) modeled as Fe+2, the associated denitrification reaction acts 
according to Equation 5, lowering the pH.  
This circumvented the REACT keyword in PHREEQC and simulated 
denitrification that occurred as if free aqueous Fe+2 was present. This, however, did not 
solve the problem with the pH. The modeled pH was too low. Figure 12 shows that the 
adjusted amorphous Fe(II) model predicted pHs as low as 4.0. This was more than 2.5 
units lower than what was measured. These models were inadequate to explain what 
occurred; however, Fe(II) could be utilized from both volcanic glass and Fe(II) silicate 
minerals to balance the modeled pH with the measured values.  
 
Figure 12. Measured and modeled pH of combined OC and Fe(II) models where Fe(II) is 





Ion exchange was the first method used to explain the percentage of amorphous 
Fe(II) to total Fe(II). For this model, Fe(II) from volcanic glass was assumed to be in the 
form of amorphous Fe(II), and both Fe2Si2O6 and amorphous Fe(II) were used.  
After amendment, cation concentrations such as Ca+2 increased sharply over the 
course of about 30 days, and then they decreased to their native concentrations as Figure 
13 shows. The addition of K+ during amendment possibly liberated these cations from the 
aquifer matrix, explaining the conspicuous increase. However, these cations did not 
follow the typically fast kinetics of ion exchange and took weeks to come to equilibrium.  
 
Figure 13. Increase of Ca+2 after amendment indicative of most cations in the ISM. 
PHREEQC modeled concentrations of cations exhibited little change because 
native and amended concentrations of cations like Ca+2 were similar and denitrification 
reactions had no apparent effect on them. For this reason, ion exchange was considered in 




concentrations at each modeled point. However, modeling showed that dilution had a 
controlling influence on the cation concentrations after initial ion exchange.  
To verify that dilution was controlling future modeled cation concentrations, 
PHREEQC was used to calculate exchanger values and cation concentrations at 3/20/13 
(fully amended, t=0). The native and amended fractions from Equations 6 and 7 were 
then used to calculate dilution concentrations from native cation concentrations at 
3/18/13 and PHREEQC calculated cation concentrations at 3/20/13 from a combined OC 
and Fe2Si2O6 model with ion exchange. These dilution calculated values were then 
compared to the PHREEQC model that incorporated ion exchange at every data point 
instead of exclusively at the first point (t=0). Figure 14 shows the combined model with 
and without ion exchange in relation to the measured concentrations. After the initial 
predicted ion exchange, the cation concentrations in the combined model with ion 
exchange were not significantly affected by further ion exchange within the ISM. 
Appendix E provides a comprehensive explanation of the ion exchange modeling 
process.  
 





While most cations behaved similarly, K+ and Na+ did not. Figure 15 shows more 
K+ was lost than can be explained by dilution. Incorporating ion exchange into the 
PHREEQC model did not explain all the loss of K+. A possible explanation for this loss 
of K+ could be related to the presence of halloysite or clays with interlayer cation spaces. 
Halloysite was shown to have a greater affinity for K+ than other ions due to the various 
2:1 phyllosilicates, like smectite, mixed within it (Parfitt, 1992). Also, K+ selectivity was 
shown to increase in soils that are rich in halloysite and devoid of allophane (Delvaux et 
al., 1990). After amendment, K+ could have been preferentially taken up while other ions 
were released. Several minerals containing K+ such as K-mica, K-feldspar, and illite were 
calculated to be supersaturated. However, when the model was forced into equilibrium 
with these phases, K+ concentrations were not significantly altered. K+ was assumed to be 
taken up by the mineral matrix, and it was not modeled further. 
 
Figure 15. Measured K+ concentrations versus what was predicted by dilution and a 






Figure 16 shows that sodium (Na+) increased similarly to the other cations 
initially, but did not follow dilution after the onset of denitrification. The concentration 
remained relatively constant. This suggested that Na+ was released from either a 
denitrification reaction or another unknown geochemical process. Denitrification by a 
Fe(II) silicate mineral containing Na+ may possibly explain this increase in Na+.  
 
Figure 16. Measured Na+ concentrations versus dilution prediction. 
A charge balance of the excess Na+ was compared to the loss of K+. When a 
discrepancy in charge balance was found, Fe+2 was used to account for the error and 
incorporated into the model. This amount was subtracted from the total amount of Fe(II) 
reacted, and the remaining total was reacted as a mineral. The other major cations were 
excluded from the charge balance because their concentrations after denitrification began 





To incorporate both amorphous Fe(II) and silicate mineral Fe(II) in PHREEQC, 
the input file had to be modified at each point for denitrification. Each point for 
denitrification had to be input as a separate solution where the PHREEQC input variable 
for Fe(II) in solution was modified manually. The remaining Fe(II) for denitrification was 
used with the REACTION keyword in the form of the Fe(II) silicate mineral. Appendix E 
provides further explanation of setting up this new model, and the PHREEQC input for 
the final model is provided in Appendix F.  
This combined model of OC, amorphous Fe(II) predicted by ion exchange, and 
Fe2Si2O6 did not explain the measured pH. Table 5 shows the percentages of ion 
exchange predicted amorphous Fe(II) and mineral Fe(II)). The pH predicted by this 
model was several units too high. Therefore, the percentage of amorphous Fe(II) to total 
Fe(II) needed to be much greater to adequately lower the pH.  
Table 5. Ion exchange predicted percentage of Fe(II) forms. 
Date 
Mineral % of 
Fe(II) 
Charge Balance 
Amorphous Fe(II) % 
of Fe(II) 
4/16/2013  78.46% 21.54% 
4/24/2013  80.62% 19.38% 
4/29/2013  78.89% 21.11% 
5/28/2013  89.96% 10.04% 
6/11/2013  83.50% 16.50% 
6/25/2013  88.78% 11.22% 
7/9/2013  88.95% 11.05% 
7/23/2013  92.52% 7.48% 
8/6/2013  93.76% 6.24% 
8/20/2013  95.61% 4.39% 
9/2/2013  100.00% 0.00% 
10/3/2013  92.85% 7.15% 
10/30/2013  98.30% 1.70% 






Since the charge balance between increase in Na+ and decrease in K+ did not 
explain the pH of the model, the percentages of amorphous and mineral Fe(II) had to be 
determined by finding a visual match for the measured pH. Percentages of amorphous 
Fe(II) and mineral Fe(II) were determined to the nearest 10%. Several scenarios of 
amorphous Fe(II) percentage of total Fe(II) were modeled and compared to the measured 
pH (Figure 17). Modeled amorphous Fe(II) percentages varied between 40-70%. 
However, most of the measured values were explained by 60% amorphous Fe(II) (Figure 
17). Amorphous Fe(II) percentage of total Fe(II) was determined by the lowest difference 
in pH between the model and the measured pH. Table 6 shows the closest match in 
modeled pH and its corresponding amorphous Fe(II) percentage of total Fe(II).  
Table 6. Results of amorphous Fe(II) % of total Fe(II) and corresponding pHs. 
Date 
Amorphous 
Fe(II)%  of 
Total Fe(II) 
Modeled 
pH Measured pH 
% 
Difference 
4/16/2013 60% 6.51 6.5 0.08% 
4/24/2013 70% 6.15 6.2 0.41% 
4/29/2013 70% 6.07 6.2 1.05% 
5/28/2013 60% 6.60 6.5 0.73% 
6/11/2013 70% 6.28 6.4 0.91% 
6/25/2013 60% 6.61 6.5 0.85% 
7/9/2013 60% 6.62 6.6 0.12% 
7/23/2013 60% 6.61 6.5 0.83% 
8/6/2013 60% 6.61 6.7 0.71% 
8/20/2013 60% 6.60 6.6 0.01% 
9/2/2013 60% 6.57 6.6 0.21% 
10/3/2013 60% 6.62 6.6 0.12% 
10/30/2013 40% 7.14 7.1 0.25% 






Figure 17. Modeled pHs using various % of amorphous Fe(II) compared to the measured 
pH. 
 
Once the pH was explained by a combination of OC, amorphous Fe(II), and Fe(II) 
silicate mineral, all that remained was to explain the increase in Na+. This was done by 
altering the formula of pyroxene to include Na+. 
Modeling Pyroxene 
A general form of pyroxene (Fe2Si2O6) was initially modeled as the hypothetical 
Fe(II) silicate mineral to not affect any other geochemical indicators like cations. 
However, pyroxene occurs in many different forms. The general formula for pyroxene is 
AB(Si,Al)2O6 where A is usually Ca
+2, Na+, Fe+2, and Mg+2, and B can be Al+3, Fe+3, 
Mg+2, Mn+2, and Fe+2 (Bates and Jackson, 1984). A mix of Fe(II) and Fe(III) can exist 
within the pyroxene, and other cations can be used as long as the pyroxene remains 





The behavior of Na+ suggested a dissolution reaction was occurring to keep its 
concentration relatively constant despite dilution of the amended water. This behavior 
could be explained by the denitrification reaction with the Fe(II) silicate mineral electron 
donor source. For this reason, Na+ was included in the hypothetical pyroxene. A visual 
match was used to determine the stoichiometric ratio of Na+ within the hypothetical 
pyroxene. 
Using the combined OC, amorphous Fe(II), and Fe2Si2O6 with ion exchange 
model, the closest visual match for Na+ resulted from reacting Na0.11Fe
+2Fe+30.63Si2O6. 
Sodium was the only independent variable when modeling. Fe(II) within the pyroxene 
was kept constant at 1 Fe+2 for simplicity and Fe(III) was modified to ensure the mineral 
was charge balanced. Equation 19 describes how this hypothetical sodium pyroxene 
dissolves: 
𝑁𝑎0.11𝐹𝑒1.63𝑆𝑖2𝑂6 + 4𝐻
+ + 2𝐻2𝑂 ↔ 0.11𝑁𝑎
+ + 𝐹𝑒+2 + 0.63𝐹𝑒+3 + 2𝐻4𝑆𝑖𝑂4     (19) 
This model does not assert that this exact mineral was present in the ISM or 
surrounding area. Both Fe(II) silicate mineral and volcanic glass could contain Na+ 
which, upon utilization of the Fe(II) as an electron donor, was released.  
Denitrification Rate by Fe(II)  
Aquifer denitrification rates for Fe(II) silicates are not frequently reported in 
literature. Postma (1990) studied the kinetics of denitrification by detrital Fe(II) silicates, 
and Korom et al. (2012) estimated denitrification rates by pyrite, OC, and Fe(II) as 
hornblende or a mixed Fe amphibole based on geochemical modeling. Postma (1990) 
gave a rough estimate of zero-order nitrate reduction rates for arfvedsonite and augite as 




order rate rather than zero-order, and compared modeled Fe(II) contributions to 
denitrification to Postma’s estimate. 
 Denitrification at the Spydia site was best modeled by a first-order rate (Figure 7) 
and was estimated to be 0.0058/day. Korom et al.’s (2012) estimated first-order 
denitrification rates were 0.0031 /day and 0.0022 /day. Total Fe(II) contributions at the 
Spydia site ranged from 29.8% to 100%, amorphous Fe(II) contributions ranged from 
17.9% to 60%, and Fe(II) silicate contributions ranged from 11.9% to 40%. Ferrous iron 
contributions modeled by Korom et al. (2012) ranged from 2-8% as hornblende and 13-
43% as a mixed Fe amphibole. If using the estimated zero-order rates and multiplying 
each value by the respective contribution of Fe(II), they can be compared to the 4 x 10-5 
M/year Postma reported. Using the estimated zero-order rate of 0.0029 mM/day (Figure 
6) the range of zero-order denitrification rates based on Fe(II) contributions is 3.2 x 10-4 
M/year to 1.1 x 10-3 M/year for total Fe(II), 1.3 x 10-4 to 4.2 x 10-4 M/year for the Fe(II) 
silicate, and 1.9 x 10-4 to 6.4 x 10-4 M/year for amorphous Fe(II).  Korom et al. (2012) 
estimated 2.2 x 10-5 to 1.3 x 10-4 M/year for nitrate reduction by Fe(II) in hornblende and 
1.4 x 10-4 to 7.3 x 10-4 M/year for a mixed-Fe amphibole. 
Denitrification at the Spydia site appeared to be faster than both recorded 
literature values considering Fe(II) in silicates as an electron donor. Fe(II), apparently 
contributed more to denitrification at the Spydia site than what Korom et al. (2012) 





Final Model Checks 
To check if the final model of OC, Na0.11Fe
+2Fe+30.63Si2O6, and amorphous Fe(II) 
best represented the evolving geochemistry within the ISM, the following analytes were 
reviewed: NO3
-, Na+, pH, TIC, and K+. Figure 18 shows that the final model accounted 
for all denitrification. Figure 19 shows that dilution was successfully modeled. 
 
Figure 18. Final model concentration of NO3








TIC was used to determine how much OC contributed to denitrification. Modeled 
TIC concentrations during the denitrification period matched measured values except 
when measured TIC was less than the native concentration as Figure 20 shows.  
 
Figure 20. Final model concentrations of TIC. 
The pH of the model was used to determine the makeup of Fe(II) donors to the 
nearest 10%. Figure 21 shows the final model explained the trends in the pH. 
Measured Na+ concentrations were used to determine the final pyroxene mineral. 
Figure 22 shows the modeled Na+ concentration as a result of dissolving 
Na0.11Fe
+2Fe+30.63Si2O6, dilution, and ion exchange. Using ion exchange and a sodium 





Figure 21. Final model pH versus measured pH. 
 





The model explained cation behavior during denitrification, but could not explain 
how slowly it reached equilibrium before denitrification. The final model could not 
explain why more K+ was lost than dilution or ion exchange predicted. All tabulated and 
graphed results predicted by the final model are provided in Appendix G. 
 The final model was a combination of OC, a sodium containing pyroxene 
mineral, and amorphous Fe(II). The geochemical processes considered for the model 
were dilution, ion exchange, denitrification, and maintaining the SI of quartz. The final 
amounts of OC, Na0.11Fe
+2Fe+30.63Si2O6, and amorphous Fe(II)
 at each denitrification data 
point and their corresponding contribution are tabulated in Table 7 and shown in Figure 
23. 



















4/16/2013 0.00E+00 4.84E-04 7.34E-04 0.00% 60.00% 40.00% 
4/24/2013 0.00E+00 6.06E-04 1.43E-03 0.00% 70.00% 30.00% 
4/29/2013 0.00E+00 1.03E-03 2.43E-03 0.00% 70.00% 30.00% 
5/28/2013 1.86E-04 1.87E-03 2.81E-03 13.70% 51.78% 34.52% 
6/11/2013 4.95E-04 6.51E-04 1.53E-03 47.53% 36.73% 15.74% 
6/25/2013 4.87E-04 1.84E-03 2.77E-03 29.65% 42.21% 28.14% 
7/9/2013 6.20E-04 1.57E-03 2.36E-03 38.66% 36.80% 24.53% 
7/23/2013 3.95E-04 2.18E-03 3.29E-03 22.37% 46.58% 31.05% 
8/6/2013 3.86E-04 1.97E-03 2.96E-03 23.84% 45.69% 30.46% 
8/20/2013 2.44E-04 2.22E-03 3.34E-03 14.94% 51.04% 34.02% 
9/2/2013 6.20E-04 7.59E-04 1.14E-03 56.58% 26.05% 17.37% 
10/3/2013 1.12E-03 7.59E-04 1.14E-03 70.17% 17.90% 11.93% 
10/30/2013 5.36E-04 2.08E-03 1.39E-03 38.18% 24.73% 37.09% 
11/25/2013 7.03E-04 1.13E-03 1.13E-03 55.40% 22.30% 22.30% 
   Average = 29.36% 42.99% 27.65% 
 
As Figure 23 shows, Fe(II) appeared to be the dominant electron donor within the 




dependent on the presence of OC within solution and a paleosol inside the ISM. 
Installation of the ISM may have mixed this paleosol layer with the OC poor ignimbrite. 
Amorphous Fe(II) from volcanic glass apparently contributed more to denitrification than 















Nutrient input to groundwater continues to pose a threat to Lake Taupo’s pristine 
water quality. Assessing what electron donors are contributing to denitrification is 
important to water management in the region. Using geochemical modeling, electron 
donor contributions to denitrification were estimated within the Oruanui ignimbrite. 
  Inorganic sulfide was eliminated as an electron donor after examining sulfate and 
inorganic sulfide measurements in the volcanic material. Geochemical modeling 
indicated that OC could not be the exclusive electron donor in the OI because measured 
TIC concentrations were too low. This thesis hypothesized that both OC and Fe(II) would 
contribute to denitrification, which was demonstrated in the model and analysis. 
However, the form of Fe(II) was hypothesized to be in the form of Fe(II) silicate minerals 
such as pyroxene. This was not entirely correct. The modeled pH was too high for a 
Fe(II) silicate to be the exclusive source of Fe(II) for denitrification. 
Total contributions of OC as an electron donor varied from 0 to 70.2% with an 
average of 29.4%. With inorganic sulfide eliminated as an electron donor, Fe(II) 
remained to explain the remaining denitrification. Total Fe(II) contributed 29.8% to 
100% of denitrification with an average of 70.6%. Fe(II) contributed the most to 
denitrification, and denitrification by Fe(II) occurred before OC was utilized. This was 
likely due to low concentrations of OC within the OI. The pH was used to estimate that 




from the hypothetical Na+ pyroxene Na0.11Fe
+2Fe+30.63Si2O6. Ion exchange was used to 
explain cation concentrations during denitrification. However, ion exchange could not 
explain the loss of K+ beyond dilution. It is assumed that it was taken up by halloysite or 
other 2:1 phyllosilicates like smectite. 
While most denitrification studies in New Zealand only considered OC as the sole 
electron donor, the data analysis and modeling indicated that ferrous iron acts as a major 
electron donor in the Oruanui ignimbrite. Also, the apparent denitrification rate estimated 
at the Spydia site was the fastest reported using Fe(II) as an electron donor. Given the 
modeling results, ferrous iron (both amorphous and in silicate minerals) should be 
considered in further denitrification research in similar igneous aquifer material in New 























Water Quality Testing 
Water sample testing was conducted by Hill Laboratories in New Zealand. Table 
8 describes the water quality parameters tested for each sample from the ISM. The 
methods used are described in the Hill Laboratories Environmental Division Catalog. 
(2013).  
Table 8. Water quality parameters and methods tested by Hill Laboratories. 
Lab Code Species 
APHA 3125B Al3+, Ca2+, Fe2+, Mg2+, Mn2+, Na+, K+ 
APHA 4500-NH3 F NH4
+ 
APHA 4110B SO4
2-, Br-, Cl-, NO3
- 
APHA4500-F- C F- 
APHA 4500-H+B pH 
APHA 2510B Conductivity 
APHA 5310 B TIC, TOC, DOC 
APHA 4500-P E Total Phosphorus, DRP 







Electron Donor Results 
Environmental Analytical Research Laboratory  
College of Engineering & Mines 
University of North Dakota 
Analyses Report 


























4 Whare 2.2-2.3 0.046 ND  
5 











7 Kur T.C. 4.3-4.4 0.165 ND  
8 Kur T.C. 3.8-3.9 0.940 ND  







11 Spy 5.7-5.8 <DL(0.024) ND     
12 Whare 3.4-3.5 0.141 ND     
13 Whare 5.8-5.9 0.170 ND     












    
17 Rangi 16.65-
16.75 
<DL(0.008) ND     
18 Rob 5.5-5.6 0.054 ND     
19 Rob 7.1-7.2 <DL(0.017) ND     
TC-total carbon; IC-inorganic carbon; TOC- total organic carbon (TOC=TC-IC). 
*DL-detection limits which is 0.1mg of carbon according to the Manual of TOC analyzer. If 
sample mass is 200mg then DL will be 0.05% accordingly.  




Environmental Analytical Research Laboratory  
College of Engineering & Mines 
University of North Dakota 
Analyses Report 
 
Report Date: 09/2012 
Date of sample receiving: 04/2012 
ATTN:  
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2 Whare 4.3-4.4 ND 
3 Rangi 10.35-10.45 0.19 
4 Whare 2.2-2.3 <DL(0.004) 
5 
Spy paleosol  
3.1-3.3 
0.0097 
6 Kinloch 7.35-7.45 ND 
7 Kur T.C. 4.3-4.4 0.038 
8 Kur T.C. 3.8-3.9 ND 
9 Spy 2.5-2.6 T.I ND 
10 Spy 2.9-3.0 woody 0.07 
11 Spy 5.7-5.8 ND 
12 Whare 3.4-3.5 0.03 
13 Whare 5.8-5.9 ND 
14 Kur hall 2.8-2.9 <DL(0.0008) 
15 Kinloch 8.85-8.95 0.018 
16 Rangi 14.85-14.95 <DL(0.0065) 
17 Rangi 16.65-16.75 <DL(0.0017) 
18 Rob 5.5-5.6 ND 
19 Rob 7.1-7.2 <DL(0.0062) 
*DL-detection limit is 0.01% of Sulfur.  





Environmental Analytical Research Laboratory  
College of Engineering & Mines 
University of North Dakota 
Analyses Report 
 
Report Date: 09/2012 
Date of sample receiving: 04/2012 
ATTN:  
Analyst: Hanying Xu, EARL 
 





Fe(II)% Total Fe%    













2 Whare 4.3-4.4 0.316 0.451 
3 Rangi 10.35-10.45 0.878 0.938 
4 Whare 2.2-2.3 0.623 2.458 
5 
Spy paleosol  
3.1-3.3 
0.653 0.678 
6 Kinloch 7.35-7.45 0.176 0.289 
7 Kur T.C. 4.3-4.4 0.658 1.150 
8 Kur T.C. 3.8-3.9 0.315 0.477 
9 Spy 2.5-2.6 T.I 0.252 0.320 
10 Spy 2.9-3.0 woody 0.445 0.496 
11 Spy 5.7-5.8 0.306 0.973 
12 Whare 3.4-3.5 0.246 0.952 
13 Whare 5.8-5.9 0.113 0.368 
14 Kur hall 2.8-2.9 0.319 1.127 
15 Kinloch 8.85-8.95 0.190 0.352 
16 Rangi 14.85-14.95 0.470 1.380 
17 Rangi 16.65-16.75 0.191 0.816 
18 Rob 5.5-5.6 0.229 0.489 
19 Rob 7.1-7.2 0.180 0.480 
*DL-detection limits which is 0.01mg/L of Fe(II) in the extract according to HACH Method 




ISM Water Quality Results 
Table 9. Water quality results from the ISM 
 
Date 
Al+3 Br- Ca+2 Cl- Conductivity TP DRP F- Diss. Fe K+ Mg+2 Mn+2 Na+ NH4+-N NO3--N pH Si as SiO2 SO4-2 TIC     TOC     
g/m3 g/m3 g/m3 g/m3 mS/m @25"C g/m3 as P g/m3 as P g/m3 g/m3 g/m3 g/m3 g/m3 g/m3 g/m3 as N g/m3 as N   g/m3 as Si02 g/m3 g/m3 g/m3 
3/15/2013 < .003 < .05 5.8 4.7* 11.1 0.119 0.056 0.15 < .02 4.2 2.1 1.07 10.1 < .01 < .05 6.1 81 13.8 15.4 2.2 
3/18/2013 0.004 < .05 6.3 4.2 11.3 0.780 0.023 0.15 < .02 3.9 2.1 1.17 9.4 < .01 < .05 6.4 87 13.8 13.5 8.9 
3/18/2013 0.005 < .05 6.3 4.0 11.4 0.720 0.071 0.14 < .02 3.9 2.2 1.16 9.3 0.015 < .05 6.3 88 14.0 12.6 8.4 
3/18/2013 0.004 58 6.8 4.0 105.1 0.690 0.026 0.15 < .02 250 2.1 1.19 9.8 0.019 87 6.4 88 15.0 12.8 8.8 
3/18/2013  57             85      
3/20/2013 0.004 51 7.8 4.2 102.7 0.075 0.020 0.14 < .02 240 2.3 1.18 9.7 0.019 87 6.5 85 14.2 11.3 2.8 
3/25/2013 0.003 48 11.8 4.1 97.0 0.040 0.026 0.13 < .02 230 3.4 1.62 12.7 0.046 84 6.2 79 13.2 10.8 3.1 
3/26/2013 0.004 47 13.6 4.2 92.7 0.040 0.018 0.12 < .02 220 3.9 1.89 14.8 0.048 78 6.4 78 13.5 10.5 2.1 
3/28/2013 0.004 46 14.5 4.3 88.4 0.031 0.016 0.12 < .02 193 4.2 1.99 15.5 0.065 77 6.2 77 12.4 12.4 1.4 
3/31/2013 0.005 39 16.3 4.1 84.9 0.023 0.012 0.10 < .02 163 4.7 2.3 17.3 0.082 69 6.1 74 13.4 12.6 2.3 
4/2/2013 0.004 40 16.5 4.2 81.1 0.022 0.010 0.10 < .02 181 5.3 2.3 19.8 0.081 68 6.4 73 14.0 11.8 2.4 
4/5/2013 0.004 40 17.2 4.2 78.1 0.012 0.007 0.11 < .02 153 5.2 2.4 18.8 0.065 68 6.3 68 12.3 14.5 2.2 
4/6/2013 0.005 39 17.6 4.6 75.3 0.014 0.008 0.10 < .02 165 6.3 2.6 22 0.074 65 6.0 70 12.6 13.6 1.9 
4/11/2013 0.006 36 17.5 4.4 71.8 0.014 0.010 0.10 < .02 146 6.1 2.7 22 0.063 62 6.3 68 12.0 9.7 2.1 
4/16/2013 0.006 36 17.7 4.3 67.8 0.014 0.014 0.10 < .02 131 5.4 2.4 21 0.039 58 6.5 68 11.7 12.1 1.9 
4/24/2013 0.007 35 17.9 5.7 64.1 0.019 0.014 0.10 < .02 116 5.4 2.6 21 0.037 54 6.2 67 13.2 13.4 0.6 
4/29/2013 0.003 35 15.4 2.7 59.9 0.013 0.016 0.09 < .02 92 5.0 2.2 19.6 0.015 50 6.2 66 8.5 13.3 < .5 
5/28/2013 < .003 30 14.6 4.3 49.0 0.032 0.024 0.11 < .02 87 4.7 1.70 21 < .01 36 6.5 62 12.4 15.8 < .5 
6/11/2013 < .003 25 13.9 4.1 45.4 0.062 0.029 0.12 < .02 69 4.4 1.68 23 < .01 31 6.4 60 13.4 19.5 < .5 
6/25/2013 < .003 26 11.3 3.9 42.1 0.042 0.029 0.14 < .02 70 3.7 1.30 17.9 < .01 26 6.5 57 12.6 19.4 < .5 
7/9/2013 < .003 24 10.5 4.0 39.3 0.042 0.033 0.13 < .02 64 3.5 1.13 19.8 < .01 23 6.6 57 12.8 21.0 < .5 
7/23/2013 < .003 23 9.4 4.0 37.1 0.039 0.041 0.14 < .02 61 3.1 0.91 20 < .01 20 6.5 56 12.0 18.3 2.1 
8/6/2013 < .003 21 8.9 3.8 34.9 0.042 0.043 0.14 < .02 58 3.1 0.89 21 < .01 18 6.7 52 13.2 18.2 1.5 
8/20/2013 < .003 18 8.3 3.7 33.2 0.048 0.044 0.18 < .02 54 2.6 0.78 19.2 < .01 13 6.6 55 12.5 16.5 1.0 
9/2/2013 < .003 13 7.4 3.5 31.2 0.044 0.044 0.18 < .02 50 2.6 0.71 19.5 < .01 11 6.6 52 11.9 21.0 0.6 
10/3/2013 < .003 15 7.1 3.2 29.3 0.052 0.054 0.19 < .02 48 2.2 0.62 19.5 < .01 8.4 6.6 53 11.3 27.0 < .5 
10/30/2013 < .003 13 6.7 3.0 27.4 0.056 0.056 0.18 < .02 44 2.4 0.62 19.4 < .01 6.8 7.1 52 11.0 20.0 < .5 









Figure 24. ISM results for pH. 
 






Figure 26. ISM results for aluminum. 
 






Figure 28. ISM results for magnesium. 
 







Figure 30. ISM results for potassium. 
 






Figure 32. ISM results for sodium. 
 





Figure 34. ISM results for chloride. 
 
 






Figure 36. ISM results for Total phosphorus and dissolved reactive phosphorus. 
 













Table 10. Saturation Indices predicted by PHREEQC.  
Date Al(OH)3(a) Albite Alunite Anhydrite Anorthite Aragonite Ca-Montmorillonite Calcite Chalcedony 
  Al(OH)3 NaAlSi3O8 KAl3(SO4)2(OH)6 CaSO4 CaAl2Si2O8 CaCO3 Ca0.165Al2.33Si3.67O10(OH)2 CaCO3 SiO2 
3/18/2013 -2.111 -1.347 -2.530 -3.465 -5.725 -3.052 4.005 -2.901 0.828 
3/20/2013 -1.676 -0.744 -0.253 -3.545 -4.453 -2.832 5.070 -2.681 0.824 
3/25/2013 -2.370 -1.715 -1.525 -3.401 -6.322 -3.126 3.269 -2.975 0.792 
3/26/2013 -1.769 -0.865 -0.327 -3.331 -4.671 -2.767 4.723 -2.616 0.786 
3/28/2013 -2.191 -1.483 -1.118 -3.334 -5.895 -2.972 3.658 -2.821 0.781 
3/31/2013 -2.233 -1.628 -0.942 -3.242 -6.158 -3.073 3.473 -2.921 0.763 
4/2/2013 -1.704 -0.759 -0.182 -3.227 -4.510 -2.629 4.784 -2.477 0.757 
4/5/2013 -1.918 -1.187 -0.700 -3.258 -5.177 -2.669 4.144 -2.517 0.727 
4/6/2013 -2.495 -1.958 -1.488 -3.242 -6.898 -3.175 2.747 -3.024 0.739 
4/11/2013 -1.693 -0.893 -0.066 -3.258 -4.717 -2.833 4.669 -2.681 0.727 
4/16/2013 -1.405 -0.425 0.139 -3.257 -3.734 -2.431 5.407 -2.280 0.726 
4/24/2013 -1.833 -1.171 -0.186 -3.193 -5.195 -2.834 4.289 -2.682 0.720 
4/29/2013 -2.164 -1.550 -1.636 -3.428 -5.925 -2.892 3.484 -2.740 0.713 
5/28/2013 -2.029 -1.166 -1.816 -3.280 -5.132 -2.382 3.793 -2.231 0.686 
6/11/2013 -2.194 -1.433 -2.032 -3.258 -5.709 -2.454 3.320 -2.302 0.672 
6/25/2013 -2.098 -1.412 -2.070 -3.360 -5.446 -2.393 3.481 -2.242 0.650 
7/9/2013 -1.982 -1.151 -2.039 -3.381 -5.045 -2.249 3.780 -2.098 0.649 
7/23/2013 -2.097 -1.395 -2.148 -3.444 -5.533 -2.490 3.442 -2.339 0.642 
8/6/2013 -1.956 -1.119 -2.262 -3.426 -4.940 -2.241 3.714 -2.090 0.609 
8/20/2013 -2.061 -1.287 -2.336 -3.465 -5.323 -2.441 3.524 -2.290 0.634 
9/2/2013 -2.060 -1.353 -2.405 -3.532 -5.420 -2.385 3.427 -2.234 0.609 
10/3/2013 -2.078 -1.346 -2.518 -3.572 -5.458 -2.295 3.413 -2.143 0.618 
10/30/2013 -2.155 -0.951 -4.304 -3.605 -4.652 -1.816 3.363 -1.665 0.609 
11/25/2013 -1.464 -0.633 -1.383 -3.649 -3.956 -2.190 4.803 -2.039 0.592 






Table 10. cont. 
Date Chlorite (14A) Chrysotile Dolomite Fluorite Gibbsite Gypsum Halite Hausmannite Hydroxyapatite 
  Mg5Al2Si3O10(OH)8 Mg3Si2O5(OH)4 CaMg(CO3)2 CaF2  Al(OH)3 CaSO4:2H2O NaCl Mn3O4 Ca5(PO4)3OH 
3/18/2013 -19.727 -13.783 -6.066 -3.438 0.673 -3.216 -8.895 -19.508 -12.286 
3/20/2013 -17.098 -12.728 -5.683 -3.509 1.108 -3.296 -8.939 -18.109 -12.052 
3/25/2013 -20.726 -14.079 -6.281 -3.401 0.415 -3.152 -8.832 -20.079 -12.771 
3/26/2013 -17.242 -12.710 -5.565 -3.408 1.015 -3.081 -8.755 -18.284 -11.630 
3/28/2013 -19.925 -13.815 -5.971 -3.384 0.593 -3.085 -8.723 -19.804 -12.937 
3/31/2013 -20.795 -14.289 -6.174 -3.500 0.551 -2.993 -8.693 -20.398 -13.701 
4/2/2013 -16.513 -12.357 -5.239 -3.478 1.080 -2.978 -8.626 -18.021 -11.961 
4/5/2013 -18.057 -13.033 -5.346 -3.378 0.867 -3.009 -8.647 -18.759 -12.965 
4/6/2013 -21.760 -14.559 -6.286 -3.474 0.289 -2.993 -8.540 -21.039 -14.747 
4/11/2013 -17.245 -12.816 -5.612 -3.462 1.092 -3.008 -8.557 -18.583 -12.449 
4/16/2013 -14.923 -11.768 -4.867 -3.434 1.380 -3.008 -8.586 -17.147 -10.678 
4/24/2013 -18.783 -13.572 -5.677 -3.458 0.951 -2.944 -8.462 -19.422 -12.586 
4/29/2013 -19.584 -13.657 -5.761 -3.572 0.621 -3.179 -8.812 -19.612 -12.678 
5/28/2013 -16.524 -11.987 -4.746 -3.398 0.755 -3.031 -8.578 -17.569 -10.295 
6/11/2013 -18.022 -12.691 -4.897 -3.339 0.590 -3.008 -8.556 -18.378 -10.772 
6/25/2013 -17.247 -12.346 -4.761 -3.284 0.686 -3.110 -8.684 -17.906 -10.538 
7/9/2013 -16.132 -11.816 -4.465 -3.376 0.803 -3.132 -8.629 -17.303 -9.887 
7/23/2013 -17.618 -12.571 -4.952 -3.352 0.687 -3.194 -8.632 -18.347 -10.437 
8/6/2013 -15.439 -11.439 -4.430 -3.373 0.828 -3.177 -8.622 -16.796 -9.241 
8/20/2013 -16.921 -12.199 -4.877 -3.176 0.724 -3.216 -8.670 -17.732 -9.938 
9/2/2013 -16.989 -12.244 -4.715 -3.224 0.724 -3.283 -8.686 -17.871 -10.178 
10/3/2013 -17.366 -12.448 -4.588 -3.195 0.706 -3.323 -8.725 -18.076 -10.002 
10/30/2013 -12.348 -9.346 -3.569 -3.260 0.629 -3.356 -8.754 -14.101 -7.097 






Table 10. cont. 




KAlSi3O8 KAl3Si3O10(OH)2 Al2Si2O5(OH)4 MnOOH FeSO4:7H2O Mn(OH)2 MnO2:H2O SiO2 
3/18/2013 2.118 0.737 7.638 4.706 -7.213 -8.420 -7.373 -14.609 1.274 
3/20/2013 4.366 3.114 10.885 5.567 -6.680 -8.590 -7.040 -13.876 1.270 
3/25/2013 2.362 2.008 8.392 4.117 -7.436 -8.621 -7.496 -14.933 1.238 
3/26/2013 3.946 2.772 10.356 5.306 -6.771 -8.615 -7.031 -14.068 1.233 
3/28/2013 2.711 2.077 8.817 4.451 -7.345 -8.645 -7.405 -14.841 1.227 
3/31/2013 2.414 1.811 8.468 4.333 -7.576 -8.602 -7.536 -15.172 1.210 
4/2/2013 3.980 2.667 10.383 5.380 -6.684 -8.596 -6.944 -13.980 1.204 
4/5/2013 3.226 2.189 9.477 4.891 -6.963 -8.647 -7.123 -14.359 1.173 
4/6/2013 1.651 1.382 7.514 3.760 -7.823 -8.635 -7.683 -15.519 1.186 
4/11/2013 3.749 2.394 10.132 5.340 -6.904 -8.649 -7.064 -14.301 1.173 
4/16/2013 4.591 2.835 11.149 5.916 -6.359 -8.660 -6.719 -13.555 1.173 
4/24/2013 3.223 2.036 9.494 5.047 -7.217 -8.597 -7.277 -14.714 1.166 
4/29/2013 2.374 1.587 8.383 4.372 -7.281 -8.767 -7.341 -14.777 1.160 
5/28/2013 2.898 1.917 8.982 4.587 -6.500 -8.605 -6.860 -13.696 1.132 
6/11/2013 2.292 1.509 8.243 4.228 -6.803 -8.563 -7.063 -14.099 1.118 
6/25/2013 2.532 1.646 8.573 4.376 -6.612 -8.578 -6.972 -13.808 1.096 
7/9/2013 2.880 1.823 8.983 4.608 -6.378 -8.573 -6.838 -13.474 1.096 
7/23/2013 2.454 1.565 8.494 4.361 -6.759 -8.582 -7.119 -13.955 1.088 
8/6/2013 2.872 1.788 8.998 4.579 -6.176 -8.546 -6.736 -13.172 1.056 
8/20/2013 2.573 1.627 8.629 4.419 -6.521 -8.550 -6.981 -13.617 1.080 
9/2/2013 2.468 1.521 8.523 4.371 -6.567 -8.574 -7.027 -13.663 1.056 
10/3/2013 2.428 1.511 8.478 4.352 -6.635 -8.605 -7.095 -13.732 1.064 
10/30/2013 2.758 1.870 8.684 4.181 -5.144 -8.616 -6.104 -11.740 1.055 







Table 10. cont. 
Date Rhodochrosite Sepiolite Siderite SiO2(a) Talc Vivianite 
  MnCO3 Mg2Si3O7.5OH:3H2O FeCO3 SiO2 Mg3Si4O10(OH)2 Fe3(PO4)2:8H2O 
3/18/2013 -1.127 -7.639 -3.462 -0.047 -8.566 -10.510 
3/20/2013 -0.985 -6.943 -3.332 -0.051 -7.520 -10.760 
3/25/2013 -1.316 -7.896 -3.800 -0.083 -8.934 -11.624 
3/26/2013 -0.955 -6.993 -3.506 -0.088 -7.576 -11.210 
3/28/2013 -1.164 -7.739 -3.738 -0.094 -8.692 -12.040 
3/31/2013 -1.251 -8.084 -3.888 -0.111 -9.202 -12.649 
4/2/2013 -0.816 -6.806 -3.453 -0.117 -7.281 -11.717 
4/5/2013 -0.857 -7.308 -3.512 -0.148 -8.019 -12.385 
4/6/2013 -1.333 -8.304 -4.023 -0.135 -9.519 -13.388 
4/11/2013 -0.973 -7.163 -3.679 -0.148 -7.802 -12.053 
4/16/2013 -0.634 -6.465 -3.289 -0.148 -6.754 -11.041 
4/24/2013 -1.002 -7.678 -3.692 -0.155 -8.571 -12.119 
4/29/2013 -1.068 -7.746 -3.686 -0.161 -8.669 -11.967 
5/28/2013 -0.656 -6.678 -3.162 -0.189 -7.054 -10.529 
6/11/2013 -0.713 -7.171 -3.214 -0.203 -7.786 -10.717 
6/25/2013 -0.678 -6.978 -3.067 -0.225 -7.486 -10.339 
7/9/2013 -0.568 -6.625 -2.896 -0.225 -6.956 -9.881 
7/23/2013 -0.849 -7.141 -3.083 -0.233 -7.727 -10.005 
8/6/2013 -0.591 -6.440 -2.815 -0.265 -6.659 -9.277 
8/20/2013 -0.813 -6.906 -2.981 -0.241 -7.370 -9.562 
9/2/2013 -0.755 -6.977 -2.881 -0.265 -7.465 -9.577 
10/3/2013 -0.714 -7.099 -2.782 -0.257 -7.652 -9.426 
10/30/2013 -0.221 -5.046 -2.283 -0.266 -4.567 -7.752 









Ion Exchange Principles 
 Ion exchange is a process that involves the exchange of ions in the aqueous phase 
for those on the solid phase. In groundwater, ion exchange typically occurs with cations. 
Most soils containing clay are negatively charged due to the substitution of aluminum 
(Al+3) for silica (Si+4) resulting in a net negative charge. Clay minerals are arranged in 
octahedral or tetrahedral layers with cations residing within the polyhedral. Cations can 
also be held in between layers depending on how the different layers fit together. This is 
especially true with 2:1 phyllosilicates where an octahedral layer is sandwiched between 
two tetrahedral layers (Appelo and Postma, 2005). Figure 39 shows the interlayer cation 
space where K+ can be exchanged in a 2:1 phyllosilicate. 
 
Figure 39. Interlayer cation space of 2:1 phyllosilicate mineral (adapted from Appelo and 




Hydrated cations in interlayer spaces of clay minerals like micas and smectite can 
easily move into solution to be exchanged. Over time, these exchanger cations reach 
equilibrium with the groundwater and the mineral phase. If the water quality is disturbed 
with an influx of new cations, the exchanger quickly adjusts and acts as a buffer to 
altered concentrations in water (Appelo and Postma, 2005).  
The transfer of cations in ion exchange occurs by boundary layer diffusion 
followed by intraparticle diffusion. An electric field is generated to satisfy the lack of 
electroneutrality within the mineral. Any small deviation in the electroneutrality 
generates an electric field that causes charged ions to move in response to this electric 
gradient. Ion exchange reactions are typically kinetically fast, and equilibrium is reached 
within minutes (Howe et al., 2012). 
Halloysite and K+ Selectivity 
The weathering of volcanic glass involves the hydration of glass, dissolution, and 
the formation of clay minerals. This results in a release of cations into solution. Volcanic 
glass is thought to weather to allophane, then subsequently to halloysite, and finally to 
kaolinite and other clay minerals (Joussein et al., 2005). However, Parfitt et al. (1983) 
found that volcanic glass can weather directly to halloysite in a weakly leached and 
highly silicic environment such as rhyolite. Past studies have shown that Oruanui 
ignimbrite has a high silica content (Smith et al., 2005) and the presence of halloysite has 
been found in various New Zealand soils (Birrell and Pullar, 1972; Kirkman, 1981; 
Parfitt et al., 1983).  
Halloysite is composed of randomly stacked layers which can lead to structural 




behaves like 2:1 swelling phyllosilicates (Joussein et al., 2005).Halloysite was shown to 
have a high selectivity for K+ (During, 1972; Delvaux et al., 1990). Parfitt (1992) also 
found that New Zealand soils have a preference to retain K+ over cations like Ca+2 until 
saturation occurs, and this was possibly due to the intermittent clay minerals such as 
smectite interspersed among the halloysite. Also, because K+ is incorporated in interlayer 
spaces, it is not as easily exchanged from silicate minerals and has a tendency to be 
reincorporated into weathering products (Hem, 1985).  
It was likely that the material in the ISM contained halloysite. Ion exchange of K+ 
and uptake of K+ in halloysite and its associated minerals could explain why K+ was lost 
faster than dilution predicted.  
Ion Exchange within the ISM 
The water quality results in Appendix C indicated the possibility of ion exchange. 
Figure 40 shows that most of the cations behaved similarly when the water was amended 
with KBr and KNO3. Their concentrations increased about 2 to 3 times their original 
concentration, reached a peak, and then decreased to their native concentrations. For the 
behavior of all the measured cations, consult Figures 26-32 in Appendix C. 
Concomitantly, more K+ was lost than can be explained by dilution. This influx of 
K+ from amendment likely put the groundwater into disequilibrium and K+ was 
exchanged for other cations. However, comparing the equivalent loss of K+ to increases 
in cations did not substantiate this. Similarly, it was difficult to explain why it took about 
30 days to reach peak concentrations if ion exchange was the mechanism; ion exchange 




cations as Figures 15 and 16 show. More K+ was lost than can be explained by dilution, 
and Na+ increased like the other cations, but did not dilute similarly.  
 
Figure 40. Cation concentrations over time exhibiting steep rise before denitrification. 
The vertical dotted line denotes time when denitrification began. 
 
PHREEQC Ion Exchange Modeling 
Ion exchange was incorporated in the modeling process to account for the 
discrepancy in K+ and Na+ and to explain the behavior of the other cations. PHREEQC 
uses the Gaines-Thomas convention to calculate exchange compositions (Parkhurst and 
Appelo, 1999). The PHREEQC database contains exchange coefficients based on their 




and Kamphorst (1979). Due to New Zealand soils having a higher selectivity for K+, the 
exchange coefficients were manually adjusted in the program. 
Modeling ion exchange in PHREEQC can be done implicitly with a solution of 
fixed composition and specified exchanger value, or explicitly listing the composition of 
each exchange component (Parkhurst and Appelo, 1999). Given the data available, ion 
exchange had to be modeled implicitly and the exchanger value determined with trial and 
error. 
The exchanger value X was determined by using the native solution 318, reacting 
it with the amount of KBr and KNO3 required to attain the NO3
- and Br- values in the 
amended solution 320, and then equilibrating it with an ion exchanger value. This was 
then forced into equilibrium with the solution. The exchanger value was determined by 
visual inspection of modeled cation concentrations. The exchanger value which predicted 
the closest values to the measured concentrations of cations was used for the duration of 
ion exchange modeling. This value was estimated through visual inspection to be X= 
0.003 moles. 
After an exchanger value was estimated, exchange coefficient constants (log_k) 
were adjusted so that the cation values best reflected cation behavior within the ISM. The 
behavior of Na+ was unique within the ISM, and thus it was important to have the ability 
to adjust for Na+ concentrations when modeling. PHREEQC uses Na+ as a reference 
species, so any adjustments did not affect Na+. In order to adjust for Na+ concentrations, 
the reference species in exchange reactions was set as NH4
+ because its concentration was 





Table 11. Log values of database and adjusted exchange coefficients used in PHREEQC. 
Species database log_k adjusted log_k 
NH4
+  0.6 0.0* 
Na+ 0.0 1.4 
K+ 0.7 1.1 
Ca2+ 0.8 0.3 
Mg2+ 0.2 0.2 
Mn2+ 0.5 0.1 
*NH4
+ used as a reference species in place of Na+ 
 
The best fit for ion exchange was chosen for the period of denitrification, and not 
the time before it began. This resulted in high predicted initial concentrations as Figure 
41 shows. Without ion exchange, a combined model of OC and Fe2Si2O6 predicts little 
change in the Ca+2 concentration. With ion exchange, the Ca+2 concentration follows the 
general trend of the measured values. 
 
Figure 41. Combined OC and Fe2Si2O6 model with and without ion exchange which 





The ion exchange function within PHREEQC could not explain the exact 
behavior that the cations exhibited within the ISM before denitrification, but given that 
denitrification was the focus of this study, this served as an acceptable alternative.  
Cation Dilution 
With many permutations of exchanger values and exchanger coefficients, it was 
apparent that the ion exchange model only significantly affected the initial exchange in 
solution 320, and the subsequent data points behaved according to dilution. Ion exchange 
had minimal effect on cation concentrations beyond initial exchange. To verify this, the 
OC and Fe2Si2O6 with IE model output was compared to values calculated with Equation 
20: 
[𝐶𝑎]𝑡 = (𝑁𝑎𝑡𝑖𝑣𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ [𝐶𝑎]𝑛𝑎𝑡𝑖𝑣𝑒) + (𝐴𝑚𝑒𝑛𝑑𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ [𝐶𝑎]𝐼𝐸 𝑎𝑡 𝐷𝑎𝑦 0)  (20) 
Where [Ca]native was the measured value before amendment and [Ca]IE at day 0 was the 
value PHREEQC predicted for Day 0.0 (3/20/13) from the OC and Fe2Si2O6 with IE 
model.  
Table 12 shows the measured native cation concentrations and modeled IE at day 
0 cation concentrations used in Equation 20. Concentrations for day 0.0 were determined 
by incorporating ion exchange using the exchange coefficients in Table 11  and the 
exchanger value X=0.003. The cation concentrations of the PHREEQC model and 






Table 12.Concentrations used in calculating dilution model to compare against OC and 
Fe2Si2O6 with IE model. 
 
Date Time K+ Na+ Mg+2 Ca+2 
3/18/2013* Native 1.02E-04 4.20E-04 8.75E-05 1.57E-04 
3/20/2013** 0 5.18E-03 9.00E-04 2.81E-04 5.79E-04 
*Measured Concentrations    
**Concentrations determined from OC and Fe2Si2O6 with IE model 
 
Table 13. Comparison of cation concentrations of PHREEQC OC and Fe2Si2O6 with IE 
Model and initial ion exchange calculated with dilution. 
Date Time 
Calculated with Dilution PHREEQC OC and Fe2Si2O6 with IE Model 
K+ Na+ Mg+2 Ca+2 K+ Na+ Mg+2 Ca+2 
3/25/2013 5.03 4.88E-03 8.71E-04 2.70E-04 5.54E-04 4.90E-03 8.67E-04 2.68E-04 5.49E-04 
3/26/2013 6.05 4.78E-03 8.62E-04 2.66E-04 5.46E-04 4.79E-03 8.58E-04 2.65E-04 5.43E-04 
3/28/2013 7.97 4.68E-03 8.53E-04 2.62E-04 5.38E-04 4.69E-03 8.49E-04 2.61E-04 5.35E-04 
3/31/2013 11.07 3.98E-03 7.87E-04 2.36E-04 4.80E-04 4.04E-03 7.73E-04 2.29E-04 4.64E-04 
4/2/2013 13.17 4.08E-03 7.96E-04 2.40E-04 4.88E-04 4.09E-03 7.91E-04 2.39E-04 4.86E-04 
4/5/2013 15.91 4.08E-03 7.96E-04 2.40E-04 4.88E-04 4.08E-03 7.94E-04 2.39E-04 4.88E-04 
4/6/2013 16.93 3.98E-03 7.87E-04 2.36E-04 4.80E-04 3.99E-03 7.84E-04 2.35E-04 4.77E-04 
4/11/2013 21.93 3.68E-03 7.59E-04 2.24E-04 4.55E-04 3.72E-03 7.51E-04 2.21E-04 4.47E-04 
4/16/2013 26.93 3.68E-03 7.59E-04 2.24E-04 4.55E-04 3.69E-03 7.55E-04 2.23E-04 4.53E-04 
4/24/2013 34.94 3.58E-03 7.49E-04 2.21E-04 4.47E-04 3.60E-03 7.46E-04 2.19E-04 4.43E-04 
4/29/2013 39.92 3.58E-03 7.49E-04 2.21E-04 4.47E-04 3.59E-03 7.48E-04 2.20E-04 4.45E-04 
5/28/2013 68.92 3.09E-03 7.02E-04 2.02E-04 4.05E-04 3.15E-03 6.91E-04 1.95E-04 3.90E-04 
6/11/2013 82.92 2.59E-03 6.55E-04 1.83E-04 3.64E-04 2.68E-03 6.37E-04 1.73E-04 3.42E-04 
6/25/2013 96.96 2.69E-03 6.65E-04 1.86E-04 3.72E-04 2.71E-03 6.59E-04 1.85E-04 3.67E-04 
7/9/2013 110.96 2.49E-03 6.46E-04 1.79E-04 3.56E-04 2.53E-03 6.39E-04 1.75E-04 3.46E-04 
7/23/2013 124.94 2.39E-03 6.36E-04 1.75E-04 3.48E-04 2.43E-03 6.31E-04 1.72E-04 3.39E-04 
8/6/2013 138.94 2.19E-03 6.18E-04 1.67E-04 3.31E-04 2.24E-03 6.10E-04 1.62E-04 3.19E-04 
8/20/2013 152.92 1.93E-03 5.93E-04 1.57E-04 3.10E-04 2.01E-03 5.81E-04 1.50E-04 2.93E-04 
9/2/2013 166.04 1.44E-03 5.46E-04 1.38E-04 2.68E-04 1.57E-03 5.19E-04 1.24E-04 2.37E-04 
10/3/2013 196.94 1.63E-03 5.65E-04 1.46E-04 2.85E-04 1.66E-03 5.62E-04 1.45E-04 2.79E-04 
10/30/2013 223.97 1.42E-03 5.44E-04 1.38E-04 2.66E-04 1.48E-03 5.33E-04 1.31E-04 2.51E-04 





The IE model in PHREEQC contains ion exchange at every sampling point while 
the dilution model only considers ion exchange at the first point. As Figures 42-45 show, 
the OC and Fe2Si2O6 model with IE follows dilution after the first initial exchange. 
 
Figure 42. Comparison of PHREEQC modeled OC and Fe2Si2O6 with IE Ca 
concentrations versus ion exchange exclusively at Day 0.0 and subsequent data points 
exclusively affected by dilution. 
 
 
Figure 43. Comparison of PHREEQC modeled OC and Fe2Si2O6 with IE Mg 
concentrations versus ion exchange exclusively at Day 0.0 and subsequent data points 





Figure 44. Comparison of PHREEQC modeled OC and Fe2Si2O6 with IE K 
concentrations versus ion exchange exclusively at Day 0.0 and subsequent data points 
exclusively affected by dilution. 
 
 
Figure 45. Comparison of PHREEQC modeled OC and Fe2Si2O6 with IE Na 
concentrations versus ion exchange exclusively at Day 0.0 and subsequent data points 




This indicated that the PHREEQC ion exchange model did not greatly affect the 
K+, Ca+2, Mg+2 , and Na+ concentrations beyond the initial exchange reaction on day 0.0, 
and that an ion exchange model in PHREEQC could not completely account for the 
behavior of K+ and Na+. The PHREEQC ion exchange model predicted that, excluding 
initial ion exchange, dilution had a controlling influence on cation concentrations rather 
than further ion exchange. 
Ion Exchange Incorporated into Fe(II) Denitrification 
The combined model of OC and Fe2Si2O6 could not explain the resulting pH 
within the ISM. A combined Fe(II) model of crystalline mineral pyroxene and amorphous 
Fe(II) from volcanic glass was created to explain the pH. This was first attempted by 
using amorphous Fe(II) to explain the charge balance discrepancy between loss of K+ 
beyond what dilution predicted and the increase in Na+. The other cations were not 
considered in this charge balance because the model showed that dilution had a greater 
influence on their behavior during the denitrification period. 
The incorporation of both amorphous Fe(II) and Fe(II) silicate minerals required 
the PHREEQC model to be adjusted significantly. This model required manually entered 
solutions in place of the MIX and EXCHANGE functions in PHREEQC. Mixing of the 
native and amended waters was simulated by taking output values from a PHREEQC 
simulation that only considered dilution of the amended water. These values were used 
for all analyte values excluding Fe(II) and other cations. Values for Na+, K+, Mg+2, Ca+2, 
and Mn+2 were calculated by PHREEQC in a separate simulation which included: 
dilution, reactions with OC and Fe(II) exclusively in the form of Fe2Si2O6, and ion 








Al3+ Br- Cl- F- NH4
+ Si  SO4
2- TIC     DRP K+ Na+ Mg2+ Ca2+ Mn2+ 
(mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L) 
4/16/2013 6.4 1.44E-07 4.51E-04 1.19E-04 7.49E-06 1.19E-06 1.42E-03 1.48E-04 1.13E-03 8.75E-07 3.69E-03 7.55E-04 2.23E-04 4.53E-04 4.69E-05 
4/24/2013 6.4 1.44E-07 4.39E-04 1.19E-04 7.50E-06 1.18E-06 1.42E-03 1.48E-04 1.13E-03 8.90E-07 3.60E-03 7.46E-04 2.19E-04 4.43E-04 4.54E-05 
4/29/2013 6.4 1.44E-07 4.39E-04 1.19E-04 7.50E-06 1.18E-06 1.42E-03 1.48E-04 1.13E-03 8.90E-07 3.59E-03 7.48E-04 2.20E-04 4.45E-04 4.52E-05 
5/28/2013 6.4 1.43E-07 3.76E-04 1.19E-04 7.54E-06 1.12E-06 1.42E-03 1.48E-04 1.13E-03 9.66E-07 3.15E-03 6.91E-04 1.95E-04 3.90E-04 3.94E-05 
6/11/2013 6.4 1.41E-07 3.13E-04 1.19E-04 7.58E-06 1.07E-06 1.42E-03 1.48E-04 1.13E-03 1.04E-06 2.68E-03 6.37E-04 1.73E-04 3.42E-04 3.42E-05 
6/25/2013 6.4 1.42E-07 3.26E-04 1.19E-04 7.57E-06 1.08E-06 1.42E-03 1.48E-04 1.13E-03 1.03E-06 2.71E-03 6.59E-04 1.85E-04 3.67E-04 3.72E-05 
7/9/2013 6.4 1.41E-07 3.01E-04 1.19E-04 7.59E-06 1.06E-06 1.43E-03 1.48E-04 1.13E-03 1.06E-06 2.53E-03 6.39E-04 1.75E-04 3.46E-04 3.36E-05 
7/23/2013 6.4 1.41E-07 2.88E-04 1.19E-04 7.59E-06 1.04E-06 1.43E-03 1.48E-04 1.13E-03 1.07E-06 2.43E-03 6.31E-04 1.72E-04 3.39E-04 3.29E-05 
8/6/2013 6.4 1.40E-07 2.63E-04 1.19E-04 7.61E-06 1.02E-06 1.43E-03 1.48E-04 1.13E-03 1.10E-06 2.24E-03 6.10E-04 1.62E-04 3.19E-04 3.04E-05 
8/20/2013 6.4 1.40E-07 2.31E-04 1.19E-04 7.63E-06 9.93E-07 1.43E-03 1.48E-04 1.13E-03 1.14E-06 2.01E-03 5.81E-04 1.50E-04 2.93E-04 2.81E-05 
9/2/2013 6.3 1.38E-07 1.68E-04 1.19E-04 7.67E-06 9.36E-07 1.43E-03 1.48E-04 1.13E-03 1.22E-06 1.57E-03 5.19E-04 1.24E-04 2.37E-04 2.30E-05 
10/3/2013 6.3 1.39E-07 1.93E-04 1.19E-04 7.65E-06 9.59E-07 1.43E-03 1.48E-04 1.13E-03 1.19E-06 1.66E-03 5.62E-04 1.45E-04 2.79E-04 2.83E-05 
10/30/2013 6.3 1.38E-07 1.65E-04 1.19E-04 7.67E-06 9.34E-07 1.43E-03 1.48E-04 1.13E-03 1.22E-06 1.48E-03 5.33E-04 1.31E-04 2.51E-04 2.59E-05 









The amount of Fe+2 to add was calculated using Equation 21. The discrepancy of 
measured Na+ to what was predicted by dilution in equivalents per liter (Eq/L) was 
subtracted from the discrepancy of measured K+ to its predicted dilution value in Eq/L. 
This amount of Fe+2 was subtracted from the total Fe(II) calculated in Equation 18 to 
ensure mass balance of Fe(II) for the denitrification reactions as shown in Equation 22. 




+ )𝑒𝑞/𝐿 − (𝑁𝑎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
+ − 𝑁𝑎𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
+ )𝑒𝑞/𝐿                 (21) 




                     (22) 
Table 15. Amounts of amorphous Fe(II) and Fe2Si2O6 to incorporate into combined OC 
and Fe(II) model with IE. 
 
Date K+ (eq/L) 
Na+ 
(eq/L) 










4/16/2013  1.02E-03 4.92E-04 5.27E-04 2.63E-04 1.22E-03 9.60E-04 
4/24/2013  1.28E-03 4.92E-04 7.92E-04 3.96E-04 2.04E-03 1.65E-03 
4/29/2013  1.90E-03 4.31E-04 1.47E-03 7.33E-04 3.47E-03 2.74E-03 
5/28/2013  1.43E-03 4.92E-04 9.40E-04 4.70E-04 4.68E-03 4.21E-03 
6/11/2013  1.30E-03 5.79E-04 7.21E-04 3.61E-04 2.19E-03 1.83E-03 
6/25/2013  1.39E-03 3.57E-04 1.04E-03 5.18E-04 4.62E-03 4.10E-03 
7/9/2013  1.31E-03 4.40E-04 8.70E-04 4.35E-04 3.94E-03 3.50E-03 
7/23/2013  1.27E-03 4.49E-04 8.19E-04 4.10E-04 5.48E-03 5.07E-03 
8/6/2013  1.11E-03 4.92E-04 6.16E-04 3.08E-04 4.94E-03 4.63E-03 
8/20/2013  9.02E-04 4.14E-04 4.88E-04 2.44E-04 5.56E-03 5.32E-03 
9/2/2013  4.11E-04 4.27E-04 -1.60E-05 -8.02E-06 1.90E-03 1.90E-03 
10/3/2013  7.00E-04 4.27E-04 2.73E-04 1.36E-04 1.91E-03 1.77E-03 
10/30/2013  5.41E-04 4.23E-04 1.18E-04 5.91E-05 3.47E-03 3.41E-03 
11/25/2013  4.58E-04 3.80E-04 7.81E-05 3.91E-05 2.27E-03 2.23E-03 
 
 Unfortunately, the pH predicted by this model was still too high. While using ion 
exchange in PHREQC could explain the behavior of most cations during denitrification, 
it could not explain the difference in pH in a combined amorphous Fe(II), mineral Fe(II), 






Final Model PHREEQC Input 




#3/18/2013 is the average of concentrations to become the native concentration. 
#3/20/2013 is considered time 0 for amendment 
#4/16/2013 considered day 0 for denitrification 
# 
# 
#Values for Na+, K+, Mg+2, Ca+2, and Mn+2 on solutions 416 through 1125 determined from 
reacting % by OC and Fe2Si2O6 with ion exchange 
#Values for other values determined by dilution. C(4) was kept constant because it was during % 
by OC calculations 
#Substituted calculated Fe+2 from denitrification stoichiometry calculations 
# 
#Mixing Native with Amended (318 with 320 to compare concentrations with measured 
SELECTED_OUTPUT 
-file FinalModel.xls 
-totals Br N(5) C(4) S(6) Si K Na Mg Ca Cl F Al Mn(2) Fe(2) P Amm N(0) 
-molalities Br- NO3- N2 HCO3- CO2 CO3-2 SO4-2 Na+ Al+3 K+ 
-saturation_indices Al(OH)3(a) Albite Alunite Amm(g) Anhydrite Anorthite
 Aragonite Ca-Montmorillonite Calcite Chalcedony Chlorite(14A)
 Chrysotile CO2(g) Dolomite Fe(OH)3(a)  Fluorite Gibbsite  Goethite
 Gypsum H2(g) H2O(g) Halite Hausmannite Hematite Hydroxyapatite Illite  
Jarosite-K K-feldspar K-mica Kaolinite Manganite Melanterite  N2(g)
 O2(g) OC Pyrite Pyrochroite Pyrolusite Quartz Rhodochrosite





#CH2O + 2H2O = 5H+ HCO3- + 4e- 
CH2O + H2O = CO2 +4H+ + 4e- 
log_k  0 
# 
SodiumPyroxene 
Na0.11Fe1.63Si2O6 + 4H+ + 2H2O = 2H4SiO4 + 0.11Na+ +Fe+2 + 0.63Fe+3 
# 
EXCHANGE_MASTER_SPECIES 
 X X- 
EXCHANGE_SPECIES 
X- = X- 
log_k 0.0 
# 






X- + K+ = KX 
log_k 1.1 
# 
X- + AmmH+ = AmmHX 
log_k 0.0 
# 
2X- + Ca+2 = CaX2 
log_k 0.3 
# 
2X- + Mg+2 = MgX2 
log_k 0.2 
# 




SOLUTION 318         #NATIVE Concentrations before ammendment 




density  0.999099  #taken from Fetter 2001 density of water at 15C 
# 
# 
 Al     0.003625 
 Br      0 
 Ca      6.3 
 Cl   4.225 
 F    0.1475 
 Fe(2)  0.0100     #Inputed as half of detection limit 
 K       4.00 
 Mg         2.1250 
 Mn(2)      1.1475 
 Na         9.650 
 Amm        0.0110 as N        #Ammonium as N 
 N(5)       0          #Nitrate as N 
 Si         86          #Silica as SiO2 
 S(6)       14.15               #Sulfate 
 C(4)       13.5750 as C        #TIC 
 P          0.0440 as P 
# 
EXCHANGE 1 
X             0.003 
         -equilibrate with Solution 318 
REACTION 1 
KBr    1 
KNO3    9.731527 
0.63917 mmol in 1 step 






USE Solution 320 
EQUILIBRIUM_PHASES 320 
Quartz  1.270   10.0 
SAVE Solution 3200 
END 
# 
 EXCHANGE 2 
X              0.003 
  -equilibrate with Solution 3200 
 
MIX 325 
 320   0.941176471 
 318   0.058823529 
 SAVE Solution 325 
 END 
# 
USE Solution 325 
EQUILIBRIUM_PHASES 325 
Quartz  1.238   10.0 
SAVE Solution 3250 
END 
EXCHANGE 3 
X              0.003 
         -equilibrate with Solution 3250 
 MIX 326 
 320   0.9216 
 318  0.0784 
 SAVE Solution 326 
 END 
 # 
 USE Solution 326 
EQUILIBRIUM_PHASES 326 
Quartz  1.233   10.0 
SAVE Solution 3260 
END 
 EXCHANGE 4 
X              0.003 
         -equilibrate with Solution 3260 
 MIX 328 
 320   0.9020 
 318  0.0980 
 SAVE Solution 328 
 END 
 # 
 USE Solution 328 
EQUILIBRIUM_PHASES 328 
Quartz  1.227   10.0 





 EXCHANGE 5 
X              0.003 
         -equilibrate with Solution 3280 
 MIX 331 
320   0.7647 
318  0.2353 
SAVE Solution 331 
END 
# 
USE Solution 331 
EQUILIBRIUM_PHASES 331 
Quartz  1.210   10.0 




X              0.003 
         -equilibrate with Solution 3310 
MIX 402 
320   0.7843 
318  0.2157 
SAVE Solution 402 
 END 
 # 
 USE Solution 402 
EQUILIBRIUM_PHASES 402 
Quartz  1.204   10.0 
SAVE Solution 4020 
END 
 EXCHANGE 7 
X              0.003 
         -equilibrate with Solution 4020 
 MIX 405 
 320   0.7843 
 318  0.2157 
 SAVE Solution 405 
 END 
 # 
 USE Solution 405 
EQUILIBRIUM_PHASES 405 
Quartz  1.173   10.0 
SAVE Solution 4050 
END 
# 
 EXCHANGE 8 
X              0.003 
         -equilibrate with Solution 4050 
 MIX 406 
 320   0.7647 
 318  0.2353 






 USE Solution 406 
EQUILIBRIUM_PHASES 406 
Quartz  1.186   10.0 
SAVE Solution 4060 
END 
 EXCHANGE 9 
X              0.003 
         -equilibrate with Solution 4060 
 MIX 411 
 320   0.7059 
 318  0.2941 
 SAVE Solution 411 
 END 
 # 
 USE Solution 411 
EQUILIBRIUM_PHASES 411 
Quartz  1.173   10.0 














#K 4.37E-03  #Dilution 
K   3.69E-03   #IE 
#Na 4.22E-04 #Dilution 
Na  7.55E-04   #IE 
#Mg 9.26E-05 #Dilution 
Mg  2.23E-04   #IE 
#Ca 1.84E-04 #Dilution 




#Mn(2) 2.13E-05    #Dilution 
Mn(2) 4.69E-05    #IE 
#Fe(2) 4.892E-04   #40% 
#Fe(2) 6.115E-04   #50% 
Fe(2) 7.338E-04   #60% 
#Fe(2)   8.561E-04    #70% 










X              0.003 
         -equilibrate with Solution 4110 
 
# 
USE Solution 416 
REACTION 2 
OC 
0.0 mmol in 1 step 
SAVE Solution 4161 
END 
# 
USE Solution 4161 
REACTION 3 
SodiumPyroxene 
#0.7287 mmol in 1 step  #1 ferrous 60% 
#0.6064 mmol in 1 step  #1 ferrous 50% 
0.4841 mmol in 1 step  #1 ferrous 40% 
#0.3618 mmol in 1 step  #1 ferrous 30% 
#0.960 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 4162 
END 
# 
USE Solution 4162 
EQUILIBRIUM_PHASES 416 
Quartz  1.173    10.0 
#K-mica  11.149   10.0 
#Gibbsite 1.380      10.0 
#Illite 4.591    10.0 
#K-feldspar 2.835    10.0 













#K 4.25E-03    #Dilution 
K   3.60E-03    #IE predicted 




Na 7.46E-04    #IE predicted 
#Mg 9.25E-05    #Dilution 
Mg 2.19E-04    #IE predicted 
#Ca 1.83E-04    #Dilution 




#Mn(2) 2.13E-05    #Dilution 
Mn(2) 4.54E-05    #IE 
#Fe(2) 1.022E-03   #100% 
Fe(2)   1.430E-03   #70% 
#Fe(2)   1.226E-03   #60% 
#Fe(2)   1.022E-03   #50% 
#Fe(2)   8.174E-04   #40% 





X              0.003 
         -equilibrate with Solution 4162 
USE Solution 424 
REACTION 4 
OC 
0.0 mmol in 1 step 
#should denitrify 0.448188604 mmol NO3- as N 
SAVE Solution 4240 
END 
# 
USE Solution 4240 
REACTION 5 
SodiumPyroxene 
#2.0944 mmol in 1 step   #1 ferrous 100% 
#1.2194 mmol in 1 step   #1 ferrous 60% 
#1.0150 mmol in 1 step   #1 ferrous 50% 
#0.8107 mmol in 1 step   #1 ferrous 40% 
0.6063 mmol in 1 step   #1 ferrous 30% 
#1.65 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 4241 
END 
USE Solution 4241 
EQUILIBRIUM_PHASES 424 
Quartz 1.166    10.0 
#K-mica  9.494    10.0 
#Gibbsite 0.951      10.0 
#Illite 3.223    10.0 
#K-feldspar 2.036    10.0 
















#K 4.25E-03    #Dilution 
K 3.59E-03    #IE predicted 
#Na 4.22E-04    #Dilution 
Na 7.48E-04    #IE predicted 
#Mg 9.25E-05    #Dilution 
Mg 2.20E-04    #IE 
#Ca 1.83E-04    #Dilution 




#Mn(2) 2.13E-05    #Dilution 
Mn(2) 4.52E-05    #IE 
#Fe(2) 1.390E-03   #40% 
#Fe(2) 1.737E-03   #50% 
#Fe(2)   2.084E-03   #60% 
Fe(2)   2.432E-03   #70% 





X              0.003 
         -equilibrate with Solution 4242 
# 
USE Solution 429 
REACTION 6 
OC 
0.0 mmol in 1 step 
SAVE Solution 4290 
END 
# 
USE Solution 4290 
REACTION 7 
SodiumPyroxene 
#3.5555 mmol in 1 step  #1 ferrous 100% 
#2.0751 mmol in 1 step   #1 ferrous 60% 
#1.7277 mmol in 1 step   #1 ferrous 50% 
#1.3803 mmol in 1 step   #1 ferrous 40% 
1.0329 mmol in 1 step   #1 ferrous 30% 




SAVE Solution 4291 
END 
# 
USE Solution 4291 
EQUILIBRIUM_PHASES 429 
Quartz  1.160   10.0 
#K-mica  8.383   10.0 
#Gibbsite 0.621      10.0 
#Illite  2.374   10.0 
#K-feldspar  1.587   10.0 













#K 3.66E-03    #Dilution 
K 3.15E-03    #IE 
#Na 4.22E-04    #Dilution 
Na 6.91E-04    #IE 
#Mg 9.18E-05    #Dilution 
Mg 1.95E-04    #IE 
#Ca 1.79E-04    #Dilution 




#Mn(2) 2.13E-05    #Dilution 
Mn(2) 3.94E-05    #IE 
#Fe(2) 1.873E-03   #40% 
#Fe(2) 2.341E-03   #50% 
Fe(2)   2.810E-03   #60% 
#Fe(2)   3.278E-03   #70% 




  EXCHANGE 13 
X              0.003 
         -equilibrate with Solution 4292 
USE Solution 528 
REACTION 8 
OC 




SAVE Solution 5280 
END 
# 
USE solution 5280 
REACTION 9 
SodiumPyroxene 
#4.6750 mmol in 1 step  #1 ferrous  100% 
#2.8019 mmol in 1 step   #1 ferrous 60% 
#2.3336 mmol in 1 step   #1 ferrous 50% 
1.8653 mmol in 1 step   #1 ferrous 40% 
#1.3970 mmol in 1 step   #1 ferrous 30% 
#4.21 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 5281 
END 
# 
USE solution 5281 
EQUILIBRIUM_PHASES 528 
Quartz  1.132   10.0 
#K-mica  8.982   10.0 
#Gibbsite 0.755      10.0 
#Illite  2.898   10.0 
#K-feldspar  1.917   10.0 













#K 3.07E-03    #Dilution 
K 2.68E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 6.37E-04    #IE 
#Mg 9.10E-05    #Dilution 
Mg 1.73E-04    #IE 
#Ca 1.76E-04    #Dilution 




#Mn(2) 2.12E-05    #Dilution 
Mn(2) 3.42E-05    #IE 
#Fe(2) 8.743E-04   #40% 
#Fe(2) 1.093E-03   #50% 




Fe(2)  1.530E-03   #70% 




  EXCHANGE 14 
X              0.003 
         -equilibrate with Solution 5282 
USE Solution 611 
REACTION 10 
OC 
0.49405 mmol in 1 step 
SAVE Solution 6110 
END 
# 
USE solution 6110 
REACTION 11 
SodiumPyroxene 
#1.3071 mmol in 1 step    #1 ferrous  40% 
#1.0885 mmol in 1 step    #1 ferrous  50% 
#0.8699 mmol in 1 step    #1 ferrous  40% 
0.6513 mmol in 1 step    #1 ferrous  30% 
#1.83 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 6111 
END 
# 
USE Solution 6111 
EQUILIBRIUM_PHASES 611 
Quartz  1.118   10.0 
#K-mica  8.243   10.0 
#Gibbsite 0.590      10.0 
#Illite  2.292   10.0 
#K-feldspar  1.509   10.0 













#K 3.18E-03    #Dilution 
K 2.71E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 6.59E-04    #IE 




Mg 1.85E-04    #IE 
#Ca 1.76E-04    #Dilution 




#Mn(2) 2.12E-05    #Dilution 
Mn(2) 3.72E-05    #IE 
#Fe(2) 1.847E-03   #40% 
#Fe(2) 2.308E-03   #50% 
Fe(2)   2.770E-03   #60% 
#Fe(2)   3.232E-03   #70% 




  EXCHANGE 15 
X              0.003 
         -equilibrate with Solution 6112 
USE Solution 625 
REACTION 12 
OC 
0.48564 mmol in 1 step 
SAVE Solution 6250 
END 
# 
USE solution 6250 
REACTION 13 
SodiumPyroxene 
#4.6088 mmol in 1 step   #1 ferrous  100% 
#2.7620 mmol in 1 step   #1 ferrous  60% 
#2.3003 mmol in 1 step   #1 ferrous  50% 
1.8386 mmol in 1 step   #1 ferrous  40% 
#1.3769 mmol in 1 step   #1 ferrous  30% 
#4.10 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 6251 
END 
USE solution 6251 
EQUILIBRIUM_PHASES 625 
Quartz  1.096   10.0 
#K-mica  8.573   10.0 
#Gibbsite 0.686      10.0 
#Illite  2.532   10.0 
#K-feldspar  1.646   10.0 
#Kaolinite  4.376 10.0 
# 















#K 2.95E-03    #Dilution 
K 2.53E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 6.39E-04    #IE 
#Mg 9.09E-05 #Dilution 
Mg 1.75E-04 #IE 
#Ca 1.75E-04 #Dilution 




#Mn(2) 2.12E-05    #Dilution 
Mn(2) 3.36E-05    #IE 
#Fe(2) 1.574E-03   #40% 
#Fe(2) 1.968E-03   #50% 
Fe(2)   2.361E-03   #60% 
#Fe(2)   2.755E-03   #70% 




 EXCHANGE 16 
X              0.003 
         -equilibrate with Solution 6252 
USE Solution 709 
REACTION 14 
OC 
0.61903 mmol in 1 step 
SAVE Solution 7090 
END 
# 
USE solution 7090 
REACTION 15 
SodiumPyroxene 
#3.9282 mmol in 1 step     #1 ferrous  100% 
#2.3541 mmol in 1 step     #1 ferrous 60% 
#1.9605 mmol in 1 step     #1 ferrous 50% 
1.5670 mmol in 1 step     #1 ferrous 40% 
#1.1735 mmol in 1 step     #1 ferrous 30% 
#3.50 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 7091 
END 





Quartz  1.096   10.0 
#K-mica  8.983   10.0 
#Gibbsite 0.803      10.0 
#Illite  2.880   10.0 
#K-feldspar  1.823   10.0 
#Kaolinite  4.608 10.0 













#K 2.83E-03    #Dilution 
K 2.43E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 6.31E-04    #IE 
#Mg 9.08E-05    #Dilution 
Mg 1.72E-04    #IE 
#Ca 1.74E-04    #Dilution 




#Mn(2) 2.12E-05    #Dilution 
Mn(2) 3.29E-05    #IE 
#Fe(2) 2.191E-03   #40% 
#Fe(2) 2.739E-03   #50% 
Fe(2)   3.287E-03   #60% 
#Fe(2)   3.835E-03   #70% 





X              0.003 
         -equilibrate with Solution 7092 
USE Solution 723 
REACTION 16 
OC 
0.39392 mmol in 1 step 
SAVE Solution 7230 
END 
# 






#5.4691 mmol in 1 step     #1 ferrous 100% 
#3.2777 mmol in 1 step     #1 ferrous 60% 
#2.7298 mmol in 1 step     #1 ferrous 50% 
2.1820 mmol in 1 step     #1 ferrous 40% 
#1.6341 mmol in 1 step     #1 ferrous 30% 
#5.07 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 7231 
END 
USE solution 7231 
EQUILIBRIUM_PHASES 723 
Quartz  1.088   10.0 
#K-mica  8.494   10.0 
#Gibbsite 0.687     10.0 
#Al(OH)3(a)  -2.097  10.0 
#Illite  2.454   10.0 
#K-feldspar  1.565   10.0 
#Kaolinite  4.361 10.0 













#K 2.59E-03    #Dilution 
K 2.24E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 6.10E-04    #IE 
#Mg 9.05E-05    #Dilution 
Mg 1.62E-04    #IE 
#Ca 1.73E-04    #Dilution 




#Mn(2) 2.12E-05    #Dilution 
Mn(2) 3.04E-05    #IE 
#Fe(2) 1.974E-03   #40% 
#Fe(2) 2.468E-03   #50% 
Fe(2)  2.962E-03    #60% 
#Fe(2) 3.455E-03   #70% 








X              0.003 
         -equilibrate with Solution 7232 
USE Solution 806 
REACTION 18 
OC 
0.38564 mmol in 1 step 
SAVE Solution 8060 
END 
# 
USE solution 8060 
REACTION 19 
SodiumPyroxene 
#2.9525 mmol in 1 step    #1 ferrous 60% 
#2.4589 mmol in 1 step    #1 ferrous 50% 
1.9653 mmol in 1 step    #1 ferrous 40% 
#1.4716 mmol in 1 step    #1 ferrous 30% 
#4.63 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 8061 
END 
# 
USE Solution 8061 
EQUILIBRIUM_PHASES 806 
Quartz  1.056   10.0 
#K-mica  8.998   10.0 
#Gibbsite 0.828      10.0 
#Illite  2.872   10.0 
#K-feldspar  1.788   10.0 













#K 2.28E-03    #Dilution 
K 2.01E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 5.81E-04    #IE 
#Mg 9.01E-05    #Dilution 
Mg 1.50E-04    #IE 
#Ca 1.71E-04    #Dilution 







#Mn(2) 2.11E-05    #Dilution 
Mn(2) 2.81E-05    #IE 
#Fe(2) 2.225E-03   #40% 
#Fe(2) 2.781E-03   #50% 
Fe(2)   3.338E-03   #60% 
#Fe(2)   3.894E-03   #70% 





X              0.003 
         -equilibrate with Solution 8062 
USE Solution 820 
REACTION 20 
OC 
0.24382 mmol in 1 step 
SAVE Solution 8200 
END 
# 
USE solution 8200 
REACTION 21 
SodiumPyroxene 
#5.5530 mmol in 1 step       #1 ferrous 100% 
#3.3279 mmol in 1 step       #1 ferrous 60% 
#2.7717 mmol in 1 step       #1 ferrous 50% 
2.2154 mmol in 1 step       #1 ferrous 40% 
#1.6592 mmol in 1 step       #1 ferrous 30% 
#5.32 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 8201 
END 
USE solution 8201 
EQUILIBRIUM_PHASES 820 
Quartz  1.080   10.0 
#K-mica  8.629   10.0 
#Gibbsite 0.724      10.0 
#Illite  2.573   10.0 
#K-feldspar  1.627   10.0 
















#K 1.69E-03    #Dilution 
K 1.57E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 5.19E-04    #IE 
#Mg 8.94E-05    #Dilution 
Mg 1.24E-04    #IE 
#Ca 1.67E-04    #Dilution 




#Mn(2) 2.11E-05    #Dilution 
Mn(2) 2.30E-05    #IE 
#Fe(2) 7.611E-04   #40% 
#Fe(2) 9.514E-04   #50% 
Fe(2)   1.142E-03   #60% 
#Fe(2)   1.332E-03   #70% 





X              0.003 
         -equilibrate with Solution 8202 
USE Solution 902 
REACTION 22 
OC 
0.61895 mmol in 1 step 
SAVE Solution 9020 
END 
# 
USE solution 9020 
REACTION 23 
SodiumPyroxene 
#1.9002 mmol in 1 step    #1 ferrous 100% 
#1.1391 mmol in 1 step    #1 ferrous 60% 
#0.9488 mmol in 1 step    #1 ferrous 50% 
0.7585 mmol in 1 step    #1 ferrous 40% 
#0.5682 mmol in 1 step    #1 ferrous 30% 
#1.90 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 9021 
END 
USE solution 9021 
EQUILIBRIUM_PHASES 902 
Quartz  1.056   10.0 
#K-mica  8.523   10.0 
#Gibbsite 0.724      10.0 




#K-feldspar  1.521   10.0 













#K 1.93E-03    #Dilution 
K 1.66E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 5.62E-04    #IE 
#Mg 8.97E-05    #Dilution 
Mg 1.45E-04    #IE 
#Ca 1.69E-04    #Dilution 




#Mn(2) 2.11E-05    #Dilution 
Mn(2) 2.83E-05    #IE 
#Fe(2) 7.625E-04    #40% 
#Fe(2) 9.531E-04    #50% 
Fe(2)   1.144E-03   #60% 
#Fe(2)   1.334E-03   #70% 





X              0.003 
         -equilibrate with Solution 9022 
USE Solution 1003 
REACTION 24 
OC 
1.11906 mmol in 1 step 
SAVE Solution 10030 
END 
# 
USE solution 10030 
REACTION 25 
SodiumPyroxene 
#1.9029 mmol in 1 step    #1 ferrous 100% 
#1.1404 mmol in 1 step       #1 ferrous 60% 




0.7592 mmol in 1 step       #1 ferrous 40% 
#0.5686 mmol in 1 step       #1 ferrous 30% 
#1.77 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 10031 
END 
# 
USE Solution 10031 
EQUILIBRIUM_PHASES 1003 
Quartz  1.064   10.0 
#K-mica  8.478   10.0 
#Gibbsite 0.706      10.0 
#Illite  2.428   10.0 
#K-feldspar  1.511   10.0 














#K 1.67E-03    #Dilution 
K 1.48E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 5.33E-04    #IE 
#Mg 8.94E-05    #Dilution 
Mg 1.31E-04    #IE 
#Ca 1.67E-04    #Dilution 




#Mn(2) 2.11E-05    #Dilution 
Mn(2) 2.59E-05    #IE 
Fe(2) 1.389E-03    #40% 
#Fe(2) 1.737E-03    #50% 
#Fe(2)  2.084E-03    #60% 
#Fe(2) 2.431E-03    #70% 





X              0.003 




USE Solution 1030 
REACTION 26 
OC 
0.53552 mmol in 1 step 
SAVE Solution 10300 
END 
# 
USE solution 10300 
REACTION 27 
SodiumPyroxene 
2.0792 mmol in 1 step    #1 ferrous   60% 
#1.7319 mmol in 1 step    #1 ferrous   50% 
#1.3845 mmol in 1 step    #1 ferrous   40% 
#1.0372 mmol in 1 step    #1 ferrous   30% 
#3.41 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 10301 
END 
# 
USE Solution 10301 
EQUILIBRIUM_PHASES 1030 
Quartz  1.055   10.0 
#K-mica  8.684   10.0 
#Gibbsite 0.629      10.0 
#Illite  2.758   10.0 
#K-feldspar  1.870   10.0 














#K 1.43E-03    #Dilution 
K 1.30E-03    #IE 
#Na 4.21E-04    #Dilution 
Na 5.11E-04    #IE 
#Mg 8.91E-05    #Dilution 
Mg 1.21E-04    #IE 
#Ca 1.66E-04    #Dilution 








Mn(2) 2.30E-05    #IE 
#Fe(2) 9.061E-04  #40% 
Fe(2) 1.133E-03  #50% 
#Fe(2)  1.359E-03  #60% 
#Fe(2) 1.586E-03  #70% 






X              0.003 
         -equilibrate with Solution 10302 
USE Solution 1125 
REACTION 28   125 
OC 
0.70228 mmol in 1 step 
SAVE Solution 11250 
END 
# 
USE solution 11250 
REACTION 29 
SodiumPyroxene 
#1.3558 mmol in 1 step       #1 ferrous  60% 
1.1293 mmol in 1 step      #1 ferrous   50% 
#0.9028 mmol in 1 step       #1 ferrous 40% 
#0.6762 mmol in 1 step      #1 ferrous   30% 
#2.23 mmol in 1 step  #1 ferrous IE prediction 
SAVE Solution 11251 
END 
# 
USE Solution 11251 
EQUILIBRIUM_PHASES 1125 
Quartz  1.039   10.0 
#K-mica  10.342   10.0 
#Gibbsite 1.320      10.0 
#Illite  3.906   10.0 
#K-feldspar  2.148   10.0 








Final Model Results 
Table 16. Results of the final model’s aqueous geochemical concentrations predicted by PHREEQC. 
 
Date Time pH Br
- NO3- TIC     SO42- Si K+ Na+ Mg2+ 
  days   mol/L mol/L mol/L mol/L mol/L mol/L mol/L mol/L 
3/20/2013 0.00 6.27 6.39E-04 6.22E-03 1.13E-03 1.47E-04 1.42E-03 5.18E-03 9.00E-04 2.81E-04 
3/25/2013 5.03 6.27 6.02E-04 5.85E-03 1.13E-03 1.47E-04 1.32E-03 4.90E-03 8.67E-04 2.68E-04 
3/26/2013 6.05 6.27 5.89E-04 5.73E-03 1.13E-03 1.47E-04 1.30E-03 4.79E-03 8.58E-04 2.65E-04 
3/28/2013 7.97 6.27 5.77E-04 5.61E-03 1.13E-03 1.47E-04 1.28E-03 4.69E-03 8.49E-04 2.61E-04 
3/31/2013 11.07 6.28 4.89E-04 4.76E-03 1.13E-03 1.47E-04 1.23E-03 4.04E-03 7.73E-04 2.29E-04 
4/2/2013 13.17 6.28 5.01E-04 4.88E-03 1.13E-03 1.47E-04 1.22E-03 4.09E-03 7.91E-04 2.39E-04 
4/5/2013 15.91 6.28 5.01E-04 4.88E-03 1.13E-03 1.47E-04 1.13E-03 4.08E-03 7.94E-04 2.39E-04 
4/6/2013 16.93 6.28 4.89E-04 4.76E-03 1.13E-03 1.47E-04 1.17E-03 3.99E-03 7.84E-04 2.35E-04 
4/11/2013 21.93 6.28 4.51E-04 4.39E-03 1.13E-03 1.47E-04 1.13E-03 3.72E-03 7.51E-04 2.21E-04 
4/16/2013 26.93 6.51 4.51E-04 4.15E-03 1.13E-03 1.48E-04 1.13E-03 3.70E-03 8.07E-04 2.22E-04 
4/24/2013 34.94 6.15 4.39E-04 3.87E-03 1.13E-03 1.48E-04 1.12E-03 3.60E-03 8.31E-04 2.17E-04 
4/29/2013 39.92 6.07 4.39E-04 3.58E-03 1.13E-03 1.48E-04 1.10E-03 3.57E-03 8.95E-04 2.18E-04 
5/28/2013 68.92 6.60 3.76E-04 2.58E-03 1.32E-03 1.48E-04 1.03E-03 3.15E-03 9.46E-04 1.88E-04 
6/11/2013 82.92 6.28 3.13E-04 2.22E-03 1.62E-03 1.48E-04 9.99E-04 2.68E-03 8.00E-04 1.60E-04 
6/25/2013 96.96 6.61 3.26E-04 1.86E-03 1.62E-03 1.48E-04 9.49E-04 2.70E-03 9.35E-04 1.77E-04 
7/9/2013 110.96 6.62 3.01E-04 1.65E-03 1.75E-03 1.48E-04 9.50E-04 2.50E-03 9.25E-04 1.65E-04 
7/23/2013 124.94 6.61 2.88E-04 1.40E-03 1.52E-03 1.48E-04 9.32E-04 2.38E-03 9.93E-04 1.62E-04 
8/6/2013 138.94 6.61 2.63E-04 1.27E-03 1.52E-03 1.48E-04 8.66E-04 2.19E-03 9.75E-04 1.49E-04 
8/20/2013 152.92 6.60 2.31E-04 9.35E-04 1.37E-03 1.48E-04 9.15E-04 1.96E-03 9.77E-04 1.35E-04 
9/2/2013 166.04 6.57 1.68E-04 7.55E-04 1.75E-03 1.48E-04 8.67E-04 1.56E-03 7.56E-04 1.03E-04 
10/3/2013 196.94 6.62 1.93E-04 6.05E-04 2.25E-03 1.48E-04 8.83E-04 1.62E-03 7.67E-04 1.26E-04 
10/30/2013 223.97 7.14 1.65E-04 4.88E-04 1.67E-03 1.48E-04 8.65E-04 1.49E-03 8.69E-04 1.18E-04 









Table 16 cont. 
Date Time Ca
2+ Cl- F- Al3+ Mn2+ Fe2+ DRP NH4+ 
  days mol/L mol/L mol/L mol/L mol/L mol/L mol/L mol/L 
3/20/2013 0.00 5.79E-04 1.19E-04 7.77E-06 2.36E-07 5.79E-05 5.80E-14 1.42E-06 8.47E-07 
3/25/2013 5.03 5.49E-04 1.19E-04 7.77E-06 2.29E-07 5.53E-05 5.50E-14 1.42E-06 8.42E-07 
3/26/2013 6.05 5.43E-04 1.19E-04 7.77E-06 2.27E-07 5.48E-05 5.40E-14 1.42E-06 8.42E-07 
3/28/2013 7.97 5.35E-04 1.19E-04 7.77E-06 2.25E-07 5.41E-05 5.31E-14 1.42E-06 8.40E-07 
3/31/2013 11.07 4.64E-04 1.19E-04 7.77E-06 2.09E-07 4.80E-05 4.62E-14 1.42E-06 8.30E-07 
4/2/2013 13.17 4.86E-04 1.19E-04 7.77E-06 2.14E-07 4.99E-05 4.72E-14 1.42E-06 8.34E-07 
4/5/2013 15.91 4.88E-04 1.19E-04 7.77E-06 2.14E-07 4.99E-05 4.72E-14 1.42E-06 8.34E-07 
4/6/2013 16.93 4.77E-04 1.19E-04 7.77E-06 2.11E-07 4.90E-05 4.63E-14 1.42E-06 8.32E-07 
4/11/2013 21.93 4.47E-04 1.19E-04 7.77E-06 2.05E-07 4.64E-05 4.34E-14 1.42E-06 8.27E-07 
4/16/2013 26.93 4.51E-04 1.19E-04 7.49E-06 1.54E-07 4.66E-05 9.43E-11 8.75E-07 1.18E-06 
4/24/2013 34.94 4.38E-04 1.19E-04 7.50E-06 7.50E-08 4.48E-05 3.43E-10 8.91E-07 1.18E-06 
4/29/2013 39.92 4.41E-04 1.19E-04 7.50E-06 3.92E-08 4.47E-05 7.40E-10 8.91E-07 1.18E-06 
5/28/2013 68.92 3.75E-04 1.19E-04 7.55E-06 3.04E-08 3.82E-05 3.86E-10 9.67E-07 1.12E-06 
6/11/2013 82.92 3.13E-04 1.19E-04 7.58E-06 1.01E-07 3.18E-05 3.32E-10 1.04E-06 1.07E-06 
6/25/2013 96.96 3.48E-04 1.19E-04 7.57E-06 3.37E-08 3.55E-05 4.01E-10 1.03E-06 1.08E-06 
7/9/2013 110.96 3.21E-04 1.19E-04 7.59E-06 4.18E-08 2.98E-05 3.45E-10 1.06E-06 1.06E-06 
7/23/2013 124.94 3.15E-04 1.19E-04 7.60E-06 2.06E-08 3.03E-05 5.07E-10 1.07E-06 1.04E-06 
8/6/2013 138.94 2.88E-04 1.19E-04 7.61E-06 2.01E-08 2.80E-05 4.62E-10 1.10E-06 1.02E-06 
8/20/2013 152.92 2.60E-04 1.19E-04 7.63E-06 1.36E-08 2.53E-05 5.55E-10 1.14E-06 9.88E-07 
9/2/2013 166.04 1.92E-04 1.19E-04 7.67E-06 1.17E-07 1.93E-05 1.98E-10 1.22E-06 9.27E-07 
10/3/2013 196.94 2.11E-04 1.19E-04 7.65E-06 1.34E-07 2.45E-05 2.00E-10 1.19E-06 9.58E-07 
10/30/2013 223.97 2.10E-04 1.19E-04 7.67E-06 9.72E-08 2.28E-05 1.03E-10 1.22E-06 9.31E-07 









Figure 46. Final model result for SO4
-2 versus measured concentration. 
 






Figure 48. Final model result for Mg+2 versus measured concentration. 
 






Figure 50. Final model result for Mn+2 versus measured concentration. 
 





Figure 52. Final model result for NH4
+ versus measured concentration. 
 






Figure 54. Final model result for Cl- versus measured concentration. 
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